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SOME    PROPERTIES   OF   ALUMINIUM   ANODE-FILMS. 

By  G.  E.  BAIRSTO,  M.Sc,  B.Eng.,  and  R.  MERCER,  B.Eng. 

(.-1  Paper  read  before  the  Faraday  Society,  Tuesday,  March    14,  191 1, 
Dr.  J.  A.  Barker,  F.R.S.,  in  the  Chair.) 

This  paper  is  a  preliminan'  account  of  an  extended  investigation  that  is 
being  made  into  some  of  the  properties  of  aluminium  anode-films,  with 
special  reference  to  the  capacity  of  such  films,  and  to  their  behaviour  in 
several  electrolytes  that  have  not,  previous  to  this,  been  used  to  "  form  "  them. 

I.  The  Capacity  of  Al  Anode  Films. 
The  value  of  the  capacity  of  an  Al  anode-film  depends  on  the  maximum 
voltage  to  which  it  has   teen    subjected  ;    but   there   are    considerable  dif- 
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fcrcnces  in  the  results  of  various  observers.  These  differences  the  authors 
hdicvearc  due  to  the  methods  of  measurement  employed  and  to  the 
,  faculties  involved  m  measuring  the  capacity  of  a  very  leaky  condenser 
Om.tting  those  results  for  which  no  details  of  voltage  are  given,  the  followmg 
is  a  short  summary  of  previous  work.     (See  also  Pig.  i.) 

Wilson  =:=  (1898)  obtained  a  capacity  of  -15  mfds.  per  sq.  cm.  at  critical 

'^^  pfanchetti  +  (1901)  in  20  per  cent,  solution  of  XaKC.H  A-  by  measuring 
the  angle  of  phase  difference  between  volts  and  amperes  by  3-ammeter 
method  and  also  by  Joubert  disc,  obtained  :— 


Volts. 

Mfds./sq.  cm. 


•058 


159 
•069 


162-5 
•083 


•127 


i.e.,  increased  capacity  with  voltage. 

Campbell  (1902)  also  found  increased  capacity  with  increasing  voltage. 
Scott  1  found  capacity  decreased  greatly  with  increase  of  voltage  :— 


Volts. 

Mfds./sq.  cm. 


8-8 


■62 
573 


ro7 

4'83 


1"75 


Mott  ^  (1904)  in  phosphates  obtained  -13  mfds./sq.  cm.  at  100  volts. 
Zimmerman  ||  (1904)  roughly  \  to  *  mfds.  per  sq.  cm.  at  no  volts. 
Corbino  •!  (1906),  Na,KC,H  A.  found  that- 
Capacity  X  formation  voltage  =  constant. 
McGordan=-:=  (1907),  by  Nernst-Gordan  telephone-bridge  method  obtained 
the  following : — 


Electrolyte. 


Am^COj 
K^Cr.O, 
NaAmHPO, 
NaKC^H.Oe-- 

C,H803 

Na^SO^ 
H,SO, 


Capacity/sq.  cm. 


20  Volts. 


•34 
•35 
■34 
•35 
•33 
•39 
•50 


100  Volts. 


'069 
•072 
•072 
•069 
•07 


aad  that  capacity  X  formation  volts  =  constant.  ^^n^Pr  on  a 

Schulze  +t  (1909),  by  measuring  the  charging  current  of  a  condenser  on 
sine  wave  of  e.m.f.  found — 


Volts. 

Mfds./sq.  cm. 


^0 

•214 


.So 
•104 


•064 


160 
•054 


and  that  capacity  x  formation  volts  is  constant.  ^ 

In  another  place  \\  he  givesa  diagram  showing  the  relation  between  ^  and 

•    Prnr     P,n.    S.U'      fn    V     \^Q  t    A'mOIO  C/W/t"/0,  2,  p.  3 '  2- 

:   »W.  W  67.-T  .fts^-'-  §  ElcctrocUcu  l,.i.,  2,  p.  35- 

•:   Xuaio  Cnunto,  12,  P-  "3.  or  EUct..  58.  p.  568.  'O^  «<" •'  24-  P- 

++  Ekk.  u.  Maschivaibau,  27,  p.  247.  or  Ehdrcchcw.  /»'^- 1^9°%  P-  210. 
\\  Aim.  ii.  Phys.,  24.  p.  43,  or  Science  Abstracls.  1907,  A,  iNo.  -i-o- 
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formation  voltage,  which,  althougli  a  straight  Hnc  up  to  about  150  volts,  rises 
more  stcoplv  for  higher  voltages.  The  results  of  our  experiments,  however, 
show  that  over  no  part  of  the  range  of  voltage  does  the  relation  capacity  x 
volts  =  constant  hold  good. 

There  is  another  factor,  the  influence  of  which  may  account  for  the  above- 
mentioned  differences,  and  that  is  the  length  of  the  period  of  formation 
Schulze  maintains  that  the  capacity  reaches  its  final  value  in  a  few  minutes 
after  the  application  of  the  voltage  ;  but  we  find  that  if  observations  be 
extended  over  several  days,  a  gradual  reduction  in  the  value  of  the  capacity 
takes  place. 

The  method  of  measurement  adopted  in  obtaining  the  results  given  in 
Table  I.  is  one  due  to  Sumpner  and  Record. '>•  It  consists  in  using  a  Sumpner 
watt-meter,  connecting  the  Q  terminals  of  the  instrument  (which  for  power 
measurements  are  connected  to  a  quadrature  transformerj  in  shunt  with  a 
series  non-inductive  resistance.  In  this  way  the  deflection  of  the  instrument 
(measured  on  the  watt  scale)  is  proportional  to  the  condenser  component  of 
the  current,  any  leakage  current  in  phase  with  the  e.m.f.  having  no  influence 

Table  I. 
Capacity  of  Al  Anodes  in  Cone.  AmoB^O^.     Temp.  15°. 


Series  Xo. 

I. 

Volts. 

Time. 

Cap./sq.  cm. 

40 

{conid.) 

Hours. 
2 

Volts. 

Time. 

Cap./sq.  cm. 

•194 

2i 

•192 

10 

Hours. 

i 
•i 

I '06 

24 
46 

•179 
•178 

19 
65 

■81 
•81 

52 

21 

•15 
•143 

20 

i 

■545 

44 

•138 

I 

•441 

92 

■135 

2i 

4i 

■422 
•405 

Scries  No. 

2. 

24 

■391 

Days. 

50 

•391 

50 

I 

2 

•153 
•146 

30 

I 

■305 

4 

•141 

4 
25 
45 
95 

•295 
•255 
■251 
•251 

80 

I 

2 

3 

091 
•088 
•087 

40 

4 

•199 

119*5 

3 

•058 

whatever  on  the  deflection.  To  obtain  the  value  of  the  capacity  the  deflec- 
tion (for  the  same  voltage)  given  by  a  known  standard  capacity  is  also 
measured  ;  the  ratio  of  the  deflections  is  then  equal  to  the  ratio  of  the 
capacities. 

In  deducing  the  capacity  per  sq.  cm.  from  the  capacity  of  an  Al 
condenser  measured  in  the  above  manner,  there  is  one  point  to  be  borne 
in  mind,  and  that  is,  that  the  capacity  of  the  two  plates  forming  the 
condenser  system  is  not  that  of  the  whole  area  of  the  aluminium  but  only 
of  one-half  of  a  single  plate,  as  was  pointed  out  by  Zimmerman. f  ^ 

'  Jonrn.  Inst.  Elect.  Eiiil.,  41,  p.  237.  t  I-oe.  cit. 
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From  Table  I.  it  will  be  seen  that  the  capacity  goes  on  decreasing  for 
several  days,  and  that  the  higher  the  formation  voltage,  the  longer  is  the  time 
required  for  the  capacity  to  fall  to  its  final  minimum  value.  It  is  quite 
possible  that  this  effect  depends  to  some  extent  on  the  particular  electrolyte 
used,  and  on  its  concentration,  but  no  information  is  as  yet  available  on 
this  point. 

From  these  results  we  get  the  following  values  for  the  product  of  the 
capacity  and  formation  voltage  : — 


Table 

II. 

Volts. 

Capacity/sq 

cm. 

C  X  E. 

ID 

•81 

8-1 

20 

•391 

782 

30 

•251 

7-53 

40 

•178 

712 

52 

•135 

702 

50 

•141 

yo5 

80 

•087 

6-94 

ii9'5 

•058 

69I 

That  is,  C  X  E  decreases  with  increase  of  formation  voltage. 

McGordan's  constant  value  is  from  6'8  to  7*2  for  different  electrolytes, 
while  that  of  Schulze  is  8"5,  i.e.,  our  results  agree  much  better  with  those  of 
McGordan. 

2.  The  Dimensions  of  Al  Anode  Films. 

The  capacity  measurements  allow  us  to  obtain  some  insight  into  the 
structure  of  the  Al  anode,  and  we  shall  now  consider  the  evidence  that  is 
available  in  support  of  the  particular  structure  that  we  assume. 

Several  measurements  of  the  thickness  of  these  films  have  been  made  by 
various  observers.  They  have  been  collected  in  Tables  III.  and  IV.  and 
Figs.  2  and  3.     They  may  be  divided  into  the  two  following  groups  : — 

1.  Direct  determinations,  whether  by — 

(a)  Increase  of  weight  (Mott,*  1904) ; 

(6)  Measurement  of  the  coulombs  required  to  form  film  (Mott). 
(c)  Interference  colours   due   to    light   incident  on  the  plate  (Zim- 
mermanf,  1904,  Corbino,+  1906). 

2.  Calculations  made  from  the  capacity  measurements  of  various  observers 
assuming  that  the  permittivity  of  the  dielectric  stratum  =:  i. 

It  will  be  seen,  firstly,  that  the  two  groups  give  results  which  are  of  quite 
different  orders  of  magnitude  (see  Fig.  2) ;  and  secondly,  that  group  i  gives 
results  which  differ  widely  for  different  electrolytes  :  thus  at  100  volts  varj'ing 
between  20  x  io~*  cms.  and  170  X  lo"*  cms.,  whereas  in  group  2  the 
thicknesses  (neglecting  Corbino  and  Maresca's  curve,  which  was  only 
given  as  an  approximate  result)  only  vary  between  '93  x  io~*  cm.  and 
1-13  X  10-*  cm. 

•  Electrochcm.  Imi.,  2,  p.  268.  t  Lac.  cit.  J  Loc.  cit. 
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Table    III. 

Showing  the  Results  obtained  by  Direct  Measurement  of  the  Thickness  of 

A I  Anode  Films. 


Experimenter. 

Electrolyte. 

Method  of 
Experiment. 

Volts. 

Thickness 
in  cms. 

Mott  (1904) 

Na,HPO, 

Gain  of  weight 

20 
40 
60 

14  X  10-* 

37 

38          „ 

,, 

Coulombs  required 

10 

16 

to  form  film,  if  film 

50 

32 

is  Ai,(0H)6 

120 

64          „ 

»          >> 

,, 

Coulombs  required 

10 

25 

toform  film,  if  film 

SO 

63           „ 

is  AlPO, 

120 

126           „ 

Zimmerman  (1904) 

From    the     inter- 
ference   colours 
given      b)'     re- 
flected light 



50  X  lo-'^to 
500  in  ex- 
ceptional 
cases 

Molt  (1904) 

Na.HPO, 

>) 

25 
100 

20  X  10-* 
80 

Corbino  (1906) 

XaKC.HA 

)> 

61 

no 

145 

100 

13 
23 
30 
20 

Zimmerman  (1905) 

Am.C^H^Oa  + 

>> 

NaKC.H.Os 

ISO 

30 

360 

60 

Table  IV. 

Showing  the  Results  obtained  for  the  Thickness  of  Al  Anode  Films,  as  calculated 
from  the  Capacity  Measurements  of  Various  Observers.     (K  ^  i.) 


Experimenter. 

Electrolyte. 

Volts. 

Thickness  in  cms. 

Corbino  and  Maresca  (1906)- 

NaKC.H^Ofi 

30 

approx.  '2  X  lo-^ 
and     for     other 
voltages  in  direct 
proportion 

Scott  (1899)     

— 

175 

•02  X  I0~* 

McGordan  (1907)       

Am^COj 

20 

■25       .. 

>> 

100 

I'25         „ 

K,Cr,0, 

20 

•244    ,. 

„ 

100 

i"25      „ 

NaAmHPO^ 

20 

■25      » 

„ 

100 

1-25      „ 

NaKC.H.Oe 

20 

■24      .. 

, , 

100 

i'25      „ 

C4H8O3 

20 

■26      „ 

,, 

IOC 

I -23      ., 

H,SO, 

20 

■17      .. 

Na,SO, 

20 

■22 

Schulze  (1909J            

Am2B407 

40 

■41 

80 

•83      „ 

132 

I '34      .. 

160 

I'59           n 

The  Authors 

Am,B407 

10 

•106     „ 

20 

•220     „ 

30 

•344     >, 

40 

•46      „ 

50 

•62       „ 

80 

I'OO         „ 

ii9"5 

1-49      ,. 

•  Nuovo  Cimcnto,  12,  p.  5,  or  Elect.,  58,  p.  413. 
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Fig.  2.— Thickness  of  Al  Anode  Films  by 
1-4 
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Direct  Measurements 
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Fig.  3.— Thickness  of-Al  Anode  Film  calculated  from  Capacity  Measurements. 
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We  mijjht  reconcile  these  facts  by  the  assumption  of  a  large  value  for  K, 
hut  the  extremely  improbable  high  value  which  would  be  required  (So  to  100 
in  some  cases),  together  witli  the  fact  that  it  varies  with  each  electrolyte,  and 
finallv  that  the  thickness  given  by  group  2  is  practically  the  same  for  all  elec- 
trolytes, leads  us  to  the  conclusion  that  the  thicknesses  measured  by  group  i 
and  group  2  are  not  those  of  the  same  thing,  a  hypothesis  put  forward  by 
Corbino. 

Granting  this  and  returning  to  Fig.  2,  if  Mott's  curve  for  Na2HP04  is  a 
mean  between  tlie  extremes  given  by  his  two  coulomb  curves,  it  will  be  seen 
to  agree  approximately  with  his  interference  curve,  i.e.,  these  two  radically 
different  methods  of  measurement  give  approximately  the  same  result.  Also 
Zimmerman's  curve  and  that  of  Corbino  for  XaKC^H^Oe  practically  agree. 
So  for  these  two  electrolytes  at  least  the  thickness  given  by  direct  measure- 
ment is  a  definite  function  of  the  formation  voltage,  but  varies  with  the 
electrolyte. 

We  conclude  therefore  that  the  Al  anode-film  is  composed  of  two  layers, 
an  outer  thick  conducting  film  whose  thickness  at  a  given  voltage  varies  with 
the  electrolyte  and  an  inner  and  very  much  thinner  dielectric  stratum  whose 
thickness  is  independent  of  the  electrolyte.  That  the  outer  film  is  a  good 
conductor  is  demonstrated  bj-  the  fact  that  up  to  the  present  there  is  no 
evidence  of  the  capacity  of  an  Al  condenser  varying  with  the  frequency  ; 
if  such  were  the  case  it  would  mean  that  the  finite  resistance  of  the  outer 
film  hinders  the  free  discharge  from  one  plate  to  the  other. 

As  regards  the  composition  of  the  inner  film,  since  oxygen  is  the  onh' 
other  substance  present  at  the  anode  besides  the  basic  salt  of  Al,  we  may 
conclude  that  it  is  O,  either  in  a  gaseous  or  liquid  state.  We  are  inclined 
to  the  latter,  in  view  of  the  very  high  potential  gradient  that  exists  across 
the  film,  producing  mechanical  pressures  which  must  run  into  hundreds  of 
atmospheres. 

3.  On  the  Valve  Action  of  some  Electrolytes  not  hitherto  Studied. 

Among  several  electrolytes  of  bivalent  or  higher  acid  radicals  whose  valve 
action  has  not  as  yet  been  ascertained,  we  have  made  a  study  of  KjFeCye, 
K^FeCye,  AmH^AsOj,  Am^HAsO^,  and  (Am20)37(Mo03)  ;  the  leakage  current 
and  resistance  at  various  voltages  being  obtained,  together  with  the  critical 
voltage.  The  last  is  defined,  not  as  is  usually  done  (Mott,  Schulze)  as  the 
breakdown  voltage,  but  (following  Peters  and  Lange")  as  the  voltage  at 
which  no  reduction  from  the  first  value  of  the  current  on  closing  the  circuit 
takes  place,  but  instead  an  increase.  So  definite  is  the  particular  point  at 
which  this  takes  place,  the  critical  voltage  can  easily  be  found  to  a  volt  or  two. 

To  prevent  leakage  of  current  taking  place  through  that  part  of  the  plate 
in  contact  with  the  surface  layer  of  the  electrolyte,  a  lug  was  cut  on  each 
anode,  and  the  lug  surrounded  by  a  short  glass  tube,  which  was  filled  up 
with  Chatterton  compound. 

The  results  are  given  in  Tables  V.  to  X.  and  Figs.  4,  5,  6.  Each  point 
on  the  curves  represents  the  final  value  reached  after  one  day's  formation 
at  that  voltage,  except  some  of  the  top  points,  at  which  the  current  soon 
reached  its  minimum  value. 

The  characteristic  behaviour  of  KiFeCya  is  worthy  of  notice.     At  82  volts 
the  Al  becomes  spotted  with  blue-black  pitted  holes,  round  each  of  which 
a  blue  deposit  forms,  and  rapidly  extends  in  size,  attaining  as  much  as  -5  cm. 
diameter.     This  reaction  is  accompanied  by  a  great  increase  in  the  current. 
*  Elcc.  Chcm.  ZeiL,  26,  p.  751,  or  Science  Abstracts,  1905,  \o,  1969. 
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Fig.  4.—  Leakage  Current  and  Resistance  in  K,FeCyc  and  K^KeCvg. 
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Fig.  5. — Leakage  Current  and  Resistance  in  AmH^AsO-  and  Am2HAs04. 


50  100  150  200  250  300 

F"iG.  6. — Leakage  Current  and  Resistance  in  (Am20)37(Mo03>. 
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With  AmHjAsOj  it  was  found  impossible  to  rise  above  14  volts  without 
extensive  pitting  taking  place  ;  the  addition  of  AniOH  to  the  extent  of  about 


Table  V. 
Saiitratcd  KjFeCya.     Temp.  16° 


Milliamps. 

Megohms 

Volts. 

sq.  cm. 

20-5 

•0S5 

•242 

30 

■I2.S 

■242 

405 

•164 

•247 

-■>D 

■23 

■239 

685 

•294 

233 

72-5 

•32 

•227 

77 

■37 

•208 

80 

•57 

•141 

81 

•89 

•091 

T.^BLE   VII. 

Saiiirated  AmH.AsO,  +  AmOH. 
Temp.  16". 


Volts. 

Milliamps. 

Megohms 

sq.  cm. 

sq.  cm. 

605 

•103 

■59 

74 

•085 

•87 

150 

•145 

1-04 

201 

'22  I 

•91 

303 

■475 

•64 

390 

•908 

•43 

405 

I  26 

•32 

T.ABLE   VI. 

Saturated  K.FeCye.     Tetup.  16° 


Volts. 

Milliamps. 

Megohms 

sq.  cm. 

sq.  cm. 

30 

■033 

•91 

40"5 

■044 

•92 

5^' 

■059 

■95 

73 

•071 

1-03 

/:> 

•074 

fOI 

79 

■081 

•98 

81 

•09 

■9 

82 

•II 

•74 

84 

4-4 

•02 

Table  VIII. 

Saturated  AmzHAsO^, 
Temp.  16°. 


Volts. 

Milliamps. 

Megohms 

sq.  cm. 

99 

•126 

■79 

224 

•13 

172 

321 

■47 

•68 

340 

■74 

•46 

352 

I  "04 

•34 

370 

205 

•18 

Table   IX. 
Saturated  (AmjO)37(Mo03).     Temp.  16^^ 


Volts. 

Microamps. 

.Megohms 

sq.  cm. 

sq.  cm. 

lOI 

4-0 

25 

152 

5-4 

28^2 

220 

7'2 

305 

230 

7 '9 

29^2 

234 

lOI 

23-2 

240 

15-6 

15-4 

250 

300 

8-3 

5  per  cent,  completely  stopped  the  pitting,  and  it  was  then  possible  to  reach 
a  voltage  of  over  400. 
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None  of  the  salts  mentioned  in  the  beginning  of  this  section  are,  however, 
of  any  use  for  building  up  a  very  high  ohmic  resistance,  except  the  molybdate. 
This  salt  is  exceedingly  good  in  its  behaviour,  and  by  using  more  dilute 
solutions  than  that  of  saturation,  it  has  been  found  possible  to  reach  500 
volts  or  more,  with  a  high  resistance.  A  more  complete  account  of  the 
effect  of  concentration  on  the  valve  action  of  these  salts  will  be  published 
later. 

On  looking  at  Figs.  4,  5,  and  6,  we  notice  that  there  is  a  certain  voltage 
for  which  the  resistance,  after  increasing,  rises  to  a  maximum,  and  then 
falls  again.  This  point  of  maximum  resistance  always  occurs  at  a  much 
lower  point  than  that  of  the  critical  voltage.  There  are  therefore  three 
points  of  interest  on  the  curves : — 

1.  Tlie  voltage  at  which  maximum  resistance  occurs. 

2.  The  critical  voltage. 

3.  The  breakdown  voltage. 

The  critical  voltage  in  each  case  is  marked  by  a  cross.     Its    value  for  the 
five  salts  is  given  in  Table  X. 

Table  X. 

Critical  Voltages  of  Saturated  Solutions.     Temp.  i(f. 


Electrolyte. 


KjFeCN-fi 
K,FeCv6 


Critical  Voltasje. 


80 
82 


(Am,0)37(Mo03)            '               .  245 

AmH2As03          ...         ...         ...  — 

AmH,As03  + AmOH 385 

Am,HAsO,         I                  355 


4.  Tlic  Effect  of  Temperature  on  the  Leakage  Current  of  Al  Anode  Films.    • 

In  view  of  the  application  of  the  valve  effect  to  electrolytic  rectifiers  and 
to  electrolytic  condensers,  it  is  of  some  importance  to  know  how  far  an 
increase  of  temperature  affects  the  leakage  current.  As  of  all  the  electrolytes 
so  far  used  for  this  purpose  only  Am2B407  and  (Am20)37(]\Io03)  can  be  at  all 
efficiently  used,  we  have  confined  our  attention  to  these  two.  The  Al  anodes 
were  in  each  case  subjected  to  a  constant  voltage  of  105  for  two  different 
periods,  viz.,  eight  hours  and  about  six  daj's,  and  temperature  tests  made  at 
100  volts.  This  method  of  procedure  was  adopted  because  an  Al  anode  at 
its  voltage  of  formation  is  very  susceptible  to  an  increase  of  voltage,  the 
slightest  increase  producing  a  very  considerable  increment  in  the  leakage 
current.  The  cell  containing  the  anode  was  then  placed  in  an  electricall}' 
heated  water-bath,  and  the  temperature  gradually  raised,  the  current  readings 
being  taken  for  about  every  5°  ;  it  is  a  striking  fact  that  throughout  the  range 
of  temperature  the  deflection  of  the  galvanometer  increased  quite  steadily 
with  no  fluctuations. 

This  steady  definite  resistance  is  more  strikingly  shown  in  Table  XII., 
where  the  temperature  was  maintained  for  half  an  hour  at  the  highest 
temperature  employed,  viz.,  76°.  The  result  was  no  increase  of  current 
but  rather  a  slight  decrease. 
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Table  XI. 

Effect  of  Temperature  on  the  Leak- 
age Current  of  Al  Anodes  in 
AnijB^O;. 

Formation  Period  8  Hours. 


Temp.  oC. 

Milliamps. 
sq.  cm. 

Ohms  sq.  cm. 

14 

•017 

5-9  X  IO« 

22 

•036 

275 

32 

■062 

r6i 

37-5 

•085 

ri8 

40 

•104 

•96 

47 

■193 

•54 

50 

•272 

•37 

55 

•427 

•23 

602 

•690 

■14 

652 

1-04 

•095 

687 

1-40 

■07 

70 

1-54 

•065 

725 

174 

•055 

74 

2-22 

•045 

75 

2-38 

•04 

Tablic  XII. 

Effect  of  Temperature  on  the  Leak- 
age Current  of  Al  Anodes  in 
Am3407. 

Formation  Period  140  Hours. 


Teinp.  =C. 

Milliamps. 

Ohms,  sq.  cm. 

sq.  cm. 

15 

•0075 

i3^3  X  ic" 

27-5 

•0156 

rv4 

30 

•025 

4-0 

36 

■034 

295 

40 

•059 

i^6o 

46 

■^o9 

•97 

50 

•186 

•54 

55 

•275 

•36 

60 

•375 

•27 

65 

•476 

•21 

70 

•600 

•17 

72-5 

•688 

•145 

75 

/:>/ 

•132 

76 

•780 

•128 

after 

•766 

•13 

i  hr.  at 

this 

temp. 

T.iBLE   XIII. 

Effect  of  Temperature  on  the  Leak- 
age Current  of  Al  Anodes  in 
(Am,0)37(Mo03). 

Formation  Period  8  Hours. 


Temp.  =0. 

"Milliamps. 
sq.  cm. 

Ohms/sq.  cm. 

15 

•0077 

n  X  10* 

20 

Oil 

9"  I 

25 

•017 

5 '9 

30 

•025 

40 

35 

■033 

3-0 

40 

•042 

2-4 

45 
50 

•os8 
•081 

17 

I'2 

55 
60 

•117 
•158 

•85 
•63 

65 

•227 

■44 

70 

75 
79 

•295 
•463 
•580 

•34 
•22 
•18 

Table  XIV. 

Effect  of  Temperature  on  the  Leak- 
age Current  of  Al  Anodes  in 
(Am,0)37(Mo03). 

Formation  Period  137  Hours. 


Milliamps. 

Temp.  °C. 

sq.  cm. 

Ohms/sq.  cm. 

14 

•0049 

20-I     X   10* 

22 

•0078 

12-8 

25 

■0098 

10-2 

31 

•OI31 

7-6 

35 

•0149 

67 

41 

•0242 

41 

45 

•031 

3'2 

50 

•0461 

2-17 

55 

■0595 

1-68 

60 

•0815 

1-23 

65 

•093 

I -08 

68 

•099 

lOI 

70 

•125 

•8 
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The  law  followed  by  the  curves  in  Fi<j.  7  is  an  exponential  one,  /  =  Asot 
or  loq  ;  ^  log  A  +  ar.  The  degree  of  closeness  with  which  the  results  follow 
the  above  law  is  seen  in  Fig.  8.  From  14'^  to  60°  it  holds  perfectlv  good, 
except  for  the  two  lowest  points  on  the  top  borate  curve,  the  divergence  of 
which  is  really  due  to  the  fact  that  they  correspond  to  eight  hours'  formation, 
while  the  top  ones  had  about  nine  hours  ;  the  gradual  heating  of  the  solution 
taking  about  one  hour.  Above  60°  the  law  still  holds  good  for  the  eight-hour 
formation  curves,  but  for  the  longer  period  the  current  does  not  increase  so 
rapidly  as  that  given  by  an  exponential  law.  Notice  also  in  these  curves  for 
either  electrolyte  the  gradient  tan  9  is  the  same  for  the  two  periods  of  forma- 
tion, and  if  we  produce  the  curves  back  to  meet  the  axis  of  log  /,  curves  for 
the  same  period  of  formation  cut  off  the  same  intercept,  log  A.  That  is  to 
say,  the  exponent  a  is  the  same  for  each  formation  period  provided  the 
erectrolyte  is  the  same,  and  the  constant  A  is  the  same  for  each  electrolyte 
provided  the  formation  period  is  the  same.  The  latter  is  probablv  only 
a  coincidence. 

The  laws  followed  bv  the  four  curves  are  : — 


8  Hours'  Formation. 


140  Hours'  Formation. 


(Am,0)37(Mo03) 
Am^B^Oy 


I  =  3-55£°85. 


/  ^  2"04£°^2t 
/  =:  2'04£'°S5t 


5.  Tlic   Influence  of  the  Presence   of  Salts  wliicli   Exhibit  Little  or  No  Valve 
Action  on  the  Leakage  Current  of  A I  Anode. 

It  is  generally  known  that  salts  of  acids  with  high  acid-radicals,  such  as 
phosphates,  carbonates,  &c.,  are  possessed  of  critical  voltages  which  are 
much  higher  than  those  of  salts  of  monovalent  acids  such  as  HCl,  HBr,  &c.  ; 
also  that  high  critical  voltage  and  power  to  build  up  a  high  insulation 
resistance  are  correlated  phenomena.  Coupled  with  this  we  have  the  fact 
found  by  Mott'-  and  by  Peters  and  Lange  f  that  the  critical  voltage  of  a 
mixture  of  electrolytes  is  nearer  that  obtained  with  the  least  effective  com- 
ponent than  that  of  the  most  effective. 

Taylor  and  InglisJ  have  shown  that  the  presence  of  certain  ions  such  as 
CI,  Br,  I,  &c.,  even  in  small  concentration,  enables  a  large  current  to  pass 
through  a  cell  containing  an  Al  anode  in  H2SO4,  but  no  quantitative  measure- 
ments have  been  published  illustrating  the  magnitude  of  this  effect. 

The  Tables  XV.  to  XVIII.  and  the  curves  in  Fig.  9  give  the  results  of 
some  experiments  made  on  the  effect  of  the  addition  of  varying  proportions 
of  KCl,  KBr,  KNO3,  and  XaHCOj  upon  the  leakage  current  of  an  Al  anode 
immersed  in  XaAmHPO^.  The  anodes  in  each  case  were  formed  at  no 
volts  in  a  solution  of  NaAmHP04,  which  was  of  such  a  concentration  that 
it  contained  4*5  grams  of  PO4  ions  per  litre,  and  the  added  salts  had  in 
each  case  a  concentration  which  gave  the  same  amount  of  anion  per  litre, 
viz.,  13-8  grams.  The  cell  was  subjected  to  a  constant  voltage  of  20,  and, 
for  different  amounts  of  the  salt  whose  effect  was  being  investigated  the 
current  readings  were  taken.  Column  4  of  the  tables  gives  the  value  of  the 
ratio  <7,  of  the  amount  of  impurity  anion  present  to  the  amount  of  PO4  ions ; 


Elcctrochem.  Imt.,  2,  p.  441. 
I'hil.  Mag.,  1903,  5,  p.  301. 


t  Loc.  cit. 


14     SOME    PROPERTIES   OP^   ALUMINIUM   AXODE-FILMS 


:olumn 


the  current  density;  column  6  the  value  of   the  ratio  —  of  the 


current  density  for  concentration  ratio  ct,  to  the  current  density  when  none 
of  tlic  added  salt  is  present. 
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_  Cone,  of  anion  of  added  salt 
Cone,  of  anion  PO4 

P'iG.  9. — Effect  of  the  .Addition  of  Salts  which  produce  little  or  no  Valve  Action' 
on  the  Leakage  Current. 

It  will  be  seen  that  in  the  case  of  KCl  and  KBr  the  addition  of  the- 
impurity  anion,  to  the  extent  of  one-fifth  of  the  PO^  ion,  increases  the- 
leakage  current  more  than  thousandfold.  XaHC03  has  nothing  like  this 
effect. 

Table  XV. 

Efecl  of  Addition  of  KCl  on  the  Leakage  Current  of  Al  Anode  in 
AmXaHPO,. 


Composition  of  Electrolyte. 

Grams  of 
PO4  Ions. 

Grams  of 
CI  Ions. 

Cl  Ions 
"      PO4  Ions 

Milliamps. 
sq.  cm. 

'0 

130  c.c.  of  AmXaHPO, 

■59 

■0013 

I 

+  Sice,  of  KCl 

'S7 

•048 

•084 

•157 

121 

+  4i 

'57 

•062 

•109 

•264 

204 

+  5^ 

'  -.^6 

•076 

•136 

•471 

362 

+  6A 

■56 

•oqo 

•161 

•972 

750 

+  7K       ,. 

•56 

•105 

•191 

1-89 

1.450 
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Table  XVI. 

Efccf  of  Addition   of  KBr  on  the  Leakage  Current  of  At  Anodes  in 
AmNaHPO^. 


Br  Ions 

Milliamps. 

iV 

Composition  of  Electrolyte. 

PO4  Ions. 

Br  Ions. 

"      PO4  Ions 

sq.  cm. 

10" 

no 

c.c.  of  AmXaHPO, 

•59 

_ 

_ 

•0012 

I 

„            +  i  c.c.  of  KBr 

■59 

•007 

•012 

•0029 

2-4 

+  1 

■5^ 

•014 

•024 

•0107 

8-Q 

+  2             ,. 

•58 

•028 

•048 

•0288 

25 

+  3         - 

•57 

042 

•074 

•0468 

39 

+  4         ,. 

•57 

•056 

•098 

•104 

87 

+  5         .. 

•56 

070 

•125 

•147 

123 

+  6         ,. 

•56 

•084 

•150 

•278 

230 

+  7         » 

•55 

•008 

•178 

•43 

360 

+  8          „ 

03 

•112 

•204 

1-8 

1,400 

T.\BLE  xvir. 

Effect  of  Addition  of  KXO3  on  the  Leakage  Current  of  Al  Anodes  in 

AmXaHPO.. 


Grams  of 

Grams  of 

NO3  Ions 

Milliamps. 

«<r 

Composition  of  Electrolj'te. 

PO4  Ions. 

XO3  Ions. 

0410ns 

sq.  cm. 

'0. 

1.30 

C.C.  of  AmXaHPO^ 

•59 

_ 

•0018 

I 

+i  c.c.  of  KNO3 

•59 

•007 

•012 

■0154 

8-6 

+1 

•59 

•014 

•024 

•0270 

15-0 

+  2 

•58 

•028 

•048 

•063 

35'o 

+3 

•58 

•042 

•072 

■115 

64-0 

+4 

•57 

•056 

•U98 

■355 

198 

„           +5 

•57 

•070 

•123 

1^33 

750 

Table  XVIII. 

Effect  of  Addition  of  XaHC03  on  the  Leakage  Current  of  Al  Anodes  in 

AmXaHPO,. 


Grams  of 

Grams  of 

CO3  Ions 

Milliamps. 

Composition  of 

Electro!} 

te. 

PO4  Ions. 

CO3  Ions. 

PO4  Ions 

sq.  cm. 

'0 

130  C.C.  of  AmXa 

HPO4 

•59 

■001 T 

I 

+  i  c.c 

.  of  Xa 

HCO3 

•59 

•007 

■012 

•0028 

19 

+  I 

•58 

•014 

■024 

•004 

27 

.,       +2 

•58 

•028 

•048 

•0052 

3  5 

■■       +  3 

■57 

•042 

•072 

■007 

47 

■•       +  5 

•57 

■070 

•123 

•0098 

0-5 

.,       +  6 

•56 

•084 

■150 

•0135 

90 

..       +  8 

•55 

■112 

•203 

•018 

12 

+  10 

•54 

•140 

•260 

•021 

14 

..       +15 

•52 

•210 

•4 

•025 

16-7 
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6.  Experiments  with  Alteniating  Currents. 

Table  XIX.  and  Fig.  lo  show  the  results  obtained  with  a  valve  cell  having 
150  sq.  cm.  of  Al  in  Am^B^Oj  opposed  to  a  Pb  kathode  placed  straight  across 
a  source  of  alternating  e.m.f.  The  temperature  was  kept  at  18°  by  means  of 
3.  lead  coil  inside  the  cell  through  which  a  constant  flow  of  water  circulated. 


20 
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14 
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1 

V 
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1         ^  iZ 
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10  20  30 

Fig.  id. 


40  50  60 

R.M.S.  Volts. 


It  is  to  be  understood  that  the  tabulated  values  of  current  are  those 
obtained  after  considerable  lapse  of  time,  viz.,  from  two  to  three  hours,  the 
35-volt  one  after  no  less  than  five  hours.  The  lower  curve  was  then  obtained 
for  decreasing  voltage. 

T.\BLE  XIX. 


Volt?. 

.\mps/sq.  cm. 

6-5 

1-46  X  10-^ 

8-0 

177 

10-2 

0*  I  '7 

17 

2-85 

24-8 

5-9 

44 

13-9 

55 

17-9 

Oscillograph  curves,  Fig.  11 
Curve  No.  i 


The  following  values  were  then  obtained  with  decreasing 
•    voltage  : — 


37 

9-6 

25 

4-3 

IO-5 

■94 

On  looking  at  the  oscillograph  curves  (Fig.  n),  it  will  be  seen  that  at  low 
voltages  the  capacity  comportent  of  the  current  (which  is  then  very  large) 
almost  entirely  swamps  the  effect  due  to  the  asymmetrical  conductivity,  the 
curve  No.  i  having  nearly  equal  areas  on  the  positive  and  negative  sides. 
But  at  higher  voltages,  when  the  capacity  is  small,  we  have  more  asym- 
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metrical  curves  and  less  phase  difference  between  e.m.f.  and  current,  so  the 
waves  of  current  at  the  same  voltage  on  the  rising  and  on  the  falling  volt- 
current  curves  are  quite  different.  Thus  compare  curves  No.  i  and  No.  5, 
for  both  of  which  the  e.m.f.  was  about  20. 

The  object  of  these  experiments  was  a  comparison  of  the  efficiencies  of 
various  electrolytes,  for  use  in  electrolytic  rectifiers  and  condensers.  But 
the  difficulty  of  keeping  the  electrolyte  cool,  due  to  the  large  current  that 
Hows  during  the  period  when  the  cell's  resistance  is  low  and  thereby  limiting 


^ 


Fig.  II. 


us  to  a  maximum  voltage  of  about  55,  lead  us  to  use  a  series  resistance  to  take 
up  the  e.m.f.  when  the  cell  resistance  was  small.  The  experiments  were  then 
made  under  the  following  conditions  :  The  cell  was  placed  in  series  with  a 
lamp  board  (used  as  a  variable  resistance)  and  a  constant  voltage  of  186,  this 
corresponding  to  a  maximum  of  300.  The  resistance,  originally  very  large 
and  of  the  order  of  500  ohms,  was  gradually  cut  out,  the  voltage  across  the  ■ 
cell  and  the  current  being  taken  for  each  step.  Each  step  was  allowed  from 
two  to  two  and  a  half  hours,  except  those  for  the  higher  voltages,  where 
Voi,.  VII.     Parts  i  .and  2.  t -> 
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the  current    soon    reached    its    maximum  value.     In    this    way  the    results 
given  in  Tables  XX.-XXVIII.,  illustrated  by  Figs.  12-16,  were  obtained. 

The  most  striking  characteristic  of  these  curves  is  the  part  for  which  the 
current  is  constant  over  a  considerable  range  of  voltage  ;  for  a  certain  value 
of    the  series  resistance  it  is  possible  to  keep  the  reading  of  the  voltage 


Table  XX. 


Table  XXI. 


Na,HPO,.     Temp.  18= 
Allertiaiiitg  Current. 


Xa^HPO^.     Temp.  30°. 
Alternaiiiig  Current. 


Volts. 

Amps./sq.  cm. 

3 

173  X  10-3 

Oscillograph 

curve  No.  i 
Fig.  17 

4-8 

2-56 

9-6 

29 

1 8-3 

3-6 

No.  2 

20 

3-8 

40' I 

4"5 

sTl 

4-6 

No.  3 

«5 

49 

89 

6-6 

90 

76 

91 

8"o 

96 

117 

98 

14-1 

102 

17-2 

No.  4 

Volts. 

Amps./sq.  cm. 

26 

rS'x  I0-' 

34"5  f 

2-5 

40-1 

■     27 

58 

34 

66 

40 

75 

4'4 

79 

50 

82 

5-6 

86 

6-5 

89 

8-1 

93 

II-5 

96 

15-6 

99 

21 

Table  XXII. 

Na,HPO,.     Temp.  so° 
Alternating  Current. 


Table  XXIII. 

Am.COj.     Temp.  18°. 
Alternating  Current. 


Volts. 

Amps./sq.  cm. 

2-4 

1-4  X  10-3 

16 

2-3 

287 

2-6 

40*  I 

3'5 

46 

37 

P 

4-0 

61 

4'9 

64 

5-6 

67 

6-8 

68 

7-2 

69 

8-2 

78 

12-2 

82 

14-0 

P 

16-9 

85           J 

22-4 

Volts. 

Amps.'sq.  cm. 

4-15 

22  X   10-3 

Oscillograph 

curve 

No.  I 

Fig. 

8 

12-5 

27 

157 

3-2 

23 

3-6 

No. 

2 

28-1 

4-0 

34"  I 

4"3 

46-2 

4'^ 

79 

4-8 

80 

4'9 

No. 

3 

84 

50 

86 

5-3 

No. 

4 

96 

"•4 

98 

19 

100 

22 

lOI 

24 
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Tablk  XXIV. 

Am.CO^.     Temp.  18°. 

A Uerua ting  Cn rnii t. 


Volts. 

,     .Amps. 

•sq 

cm. 

25 

1      1-69 

1 

X 

10-; 

Oscillograph 
curve  No.  i, 
Fig.  19 

4'9 

222 

uyi 

3 '2 

27-3  1 
no     j 

3-45 

No.  2 

ni 

3  "45 

No.  3 

Sparking 

commenced 

n2 

5  3 

113 

6-6 

At    this  point  the   film  broke    down, 
and    being    unable    to    recover,    a 
lower   e.m.f.  gave  rise    to  a  much 
greater  current. 
100  31  I         No.  4 


T.\m. 

•  XXV. 

Am,C,0,. 

Temp.  30'. 

Alleniati 

iig  Current. 

Volts. 

Amps./sq.  cm. 

4"3 

2  36 

17-6 

30 

42"6 

3"2 

47-5  1 
102     1 

y~s 

103 

361 

Film  broke  down  as 

before. 

98'5 

21-8 

T.ABLE   XXVI. 


Am.B.Oj. 

Temp 

18". 

Alter  nati 

ng  Ctirr 

ent. 

Volts. 

Amps. 

sq.  cm. 

3-8 

1-35  X  10-' 

6-8 

17 

,, 

102 

1-97 

„ 

19  ( 
79  i 

2-2 

95 

2-46 

,, 

116 

2-88 

j^ 

119 

3'67 

,, 

128 

4-84 

,, 

133 

5-85 

,, 

135 

6-95 

,, 

138 

99 

„ 

The  following  values  were 
then  obtained  for  de- 
creasing voltages  -.-r- 


131 

128 

4'9 
4-6 

124 
118 

3-5 
2-6 

III 

2-25 

100 

1-6^ 

66 


Table  XXVII. 
Am3,0j.     Temp,  so^* 
Alternating  Current. 


Volts. 

Amps./sq.  cm. 

8-55 

172  X  10-' 

13-2 

1*92         „ 

107 

3-5 

"4 
128 

4-2 
6-8 

133 

92 

Table  XXVIII. 

(Am30)37(Mo03).     Temp.  18= 

Alternating  Current. 


Volts. 

Amps 

sq.  cm. 

3-5 

•72 

X  10-3 

Oscillograph 
curve  No.  i 
Fig.  20 

6-4 

ri8i 

117 

I '62 

163 

1-91 

22-3 

2-3 

No.  2 

391 
73  3 

27 

82 

29 

No.  3 

103 

3-35 

No.  4 

115 

3-8 

121 

49 

122 

5-4 

No.  5 

124 

57 

128 

6s 

130 

7-2 

" 

No.  6 
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Fig.  ly. — Ait1;C204. 
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perfectly  steady  for  hours,  ;ind  then,  on  a  slight  decrease  of  the  resistance, 
to  send  it  gradually  creeping  up  to  the  end  of  the  run.  The  reason  why  the 
current  is  constant  for  this  large  range  is  that  the  capacity  of  the  film 
decreases  as  the  voltage  rises,  and  at  the  same  time  the  resistance  increases  ; 
the  result  is  tliat  the  effective  admittance  of  the  film  is  practically  inversely 
proportional  to  the  voltage. 

The  series  of  oscillograpliic  curves  shown  in  Figs.  17  to  20  shows  clearly 
the  two  effects  of  the  capacity  of  the  film  and  of  its  asymmetrical 
conductivity. 

Another  point  to  be  noticed  is  that  for  low  voltages  the  current  is  much 
less  at  higher  temperatures  (see  curves  for  Na2HP04  and  AmjC204) ;  the 
natural  explanation  is  that  the  capacity  decreases  as  the  temperature  rises — 
that  is  to  say,  that  the  gaseous  film  on  the  Al  increases  with  temperature. 


J/    M/ 


Fig.  20.— (Am,0)37(Mo03). 

McGordan  ■■■  maintaihs,  on  the  other  hand,  that  temperature  has  little  effect 
upon  the  capacity.  Although  this  may  be  the  case  under  certain  conditions, 
on  the  whole  temperature  has  a  very  considerable  influence,  as  will  be  shown 
in  the  succeeding  section. 

Besides  the  electrolytes  mentioned  in  the  tables,  KMn04,  K,HP04,  and 
AmjHP04  were  also  tried  ;  the  results,  so  far  as  they  go,  show  Am,B407  and 
(AmjO)37(Mo03)  to  be  the  best  electrolytes  so  far  tested. 


7.  The  Effect  0/  Temperature  on  the  Capacity  of  Al  Anodes. 

The  indications  in  the  last  section,  that  temperature  had  some  influence 
on  the  capacity,  led  to  a  direct  determination  of  this  effect.  A  condenser 
system  was  subjected  to  a  constant  alternating  voltage  for  one  hour  at  the 

*  Phys.  Rev.,  1907,  24,  p.  60. 
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10        20        30        40        50         60        70        80        90 

Temperature. 

Fig.  21. — Effect  of  Temperature  on  Capacity  of  Al  Anodes  in  .\m3407- 
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Fig.  22.— Effect  of  Temperature  on  Capacity  of  Al  Anode  in  Na^HPO,. 
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voltage  specified  on  the  curves,  and  then  the  containinf^  vessel  <^radually 
heated  in  an  electrically  heated  water  bath. 

It  will  be  seen  that  in  the  case  of  Na3HP04,  where  (see  Fig.  12)  there  was 
a  marked  decrease  of  current  at  higher  temperatures,  we  have  curves  which 
show  a  decreasing  capacity,  and  in  the  case  of  AmjB407,  where  temperature 
had  little  influence  (we  are,  of  course,  neglecting  the  higher  voltage  parts  of 
the  curves,  where  the  conductivity  of  the  film  furnishes  the  main  component 
of  the  current),  the  curves  show  an  increase  of  capacity.  Each  of  the  borate 
curves,  except  the  7'5-volt  one,  consists  of  a  gradual  rise  following  a  straight 
line  law,  and  then  an  abrupt  increase,  tending  finally  and  asymptotically  to  a 
constant  value  ;  the  7'5-volt  one  shows  no  sudden  increase,  but  there  is  no 
reason  to  doubt  that  if  more  points  had  been  taken  it  would  have  followed 
a  similar  law.  The  point  of  sudden  increase  occurs  at  a  temperature  which 
is  higher  and  higher,  as  the  voltage  of  formation  increases,  following  roughly 
the  dotted  curve.  To  show  tliis  more  clearly,  the  125-volt  one  has  been 
drawn  on  a  larger  scale  in  a  dotted  curve. 

The  phosphate  curves,  although  more  regular  individually,  present  greater 
differences  in  passing  from  one  to  another.  Thus  at  low  voltages  they 
consist  of  a  gradual  rise  to  a  inaximum  followed  by  a  decrease  ;  at  medium 
voltages  of  a  decrease  throughout  ;  and  final!}-,  at  65  volts,  of  a  decrease  to  a 
minimum,  followed  b)'  a  rise,  i.e.,  an  inversion  of  the  low  voltage  case,  the 
points  of  maximum  or  minimum  all  occurring  between  35°  and  40°. 

Turning  now  to  the  tables,  it  is  interesting  to  note  what  happened  in  those 
cases  where  measurements  of  the  capacity  were  renewed  when  the  apparatus 
had  cooled  down  to  normal  temperature  again.  In  the  case  of  the  borate,  the 
capacity  does  not  fall  to  its  original  value,  but  a  certain  proportion  (from  25 
to  70  per  cent.)  of  the  increase  persists  ;  while  with  the  phosphate  the 
decrease  in  capacity  not  onl)'  persists,  but  still  goes  on  decreasing. 

These  experiments  are  only  preliminary,  and  it  is  not  intended  to  discuss 
them  any  further  at  this  stage.  A  more  complete  investigation  is  in  progress, 
and  it  is  probable  that  a  detailed  study  of  the  effect,  extended  to  a  number  of 
other  electrolytes,  as  well  as  the  effects  of  varying  concentration  and  of 
different  formation  periods,  may  throw  more  light  on  the  structure  and  theory 
of  the  Al  anode-film. 


Summary. 

1.  The  capacity  decreases  slowly  with  the  time  of  formation  for  several 
days.  The  higher  the  formation  voltage,  the  longer  is  the  time  required  to 
fall  to  the  minimum'  value. 

2.  The  product  C  x  E  of  capacity  and  formation  voltage  over  no  part  of 
the  range  of  E  is  constant.     It  decreases  with  increase  of  E. 

3.  From  an  analysis  of  the  results  of  various  observers  for  the  thickness  of 
tlie  Al  anode-film,  it  is  shown  that  the  film  is  composed  of  an  inner  tliin 
dielectric  film,  which  is  independent  of  the  electrolyte,  enclosed  by  an  outer 
and  much  thicker  conducting  film,  varying  with  the  electrolyte. 

4.  (AmjO)37Mo03  is  a  very  efficient  electrolyte.  It  gives  a  very  high  insula- 
tion resistance,  and  is  very  little  affected  by  temperature,  much  less  so  than 
Am.B^Oj. 

5.  The  law  of  increase  of  leakage  current  with  temperature  is  an 
exponential  one,  i  =  At"",  a  depends  on  the  electrolyte  and  is  independent 
of  formation  period. 

6.  Contrary  to  the  opinion  of    McGordan,  temperature  has  considerable 
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Table  XXIX. 

Effect  of  Temperature 
on  Capacity. 

Am,B407. 
7-6  R.M.S.  Volts. 


Temp. 

Cap.  sq.  cm. 

15 

1-47 

^5 

1-48 

30 

1-5 

35 

1-55 

49 

1-66 

55 

r8i 

60 

1-91 

T.\BLE  XXXII. 

Effect  of  Temperature 
on  Capacity. 

Am3A. 
15  R.M.S.  Volts. 


Temp. 


Cap.,  sq.  cm. 


i7| 

to   i 

•513 

55) 

57 

■547 

59 

•5^^7 

60   1 

•5«i 

62 

•618 

64 

•644 

60   1 

•6^6 

68 

•658 

70 

•670 

72 

•682 

On  cooling  down  to 
17  "634 


T.\BLE   XXX. 

Effect  of  Temperaturi 
on  Capacity. 

Am.BA. 
9  R.M.S.  Volts. 


Temp. 

Cap./sq.  CIV. 

15 

1-09 

20 

I'll 

25 

112 

3- 
37 

i'i5 
ri6 

41 

i-i8 

45 
48 

ri9 

I  "2 1 

50 

1-25 

52 

1-39 

54 
56 

63 

I '52 

1-66 

1-83   . 

62 
64 
66 
70 

1-84 
1-87 
1-89 
1-88 

72 

1-88 

T.-VBLE   XXXIII. 

Effect  of  Temperaturt 
on  Capacity. 

AmjB^Oy. 
27  R.M.S.  Volts. 


Temp. 


Cap./sq.  cm. 


19 

315 

30 

35 

321 
326 

41 

P 

336 
345 

70 

365 

71 

379 

/.-> 

4'7 

On  coolins  down  io 


19-5 


■341 


Iable  XXXI, 

Effect  of  Temperature 
on  Capacity. 

Am3,0.. 
II  R.M.S.  Volts. 


Temp. 


I» 
20 
25 
30 

37 
42 
49 
50 
52 
54 
55 
56 
60 
62 
64 
66 


Cap.'sq.lcm. 

•81 

•82 

•83 
•84 

•855 

•86 

•884 

■965 
I'l 
1-25 
I -28 
131 
1-42 
1-49 

1-51 
i'52 
i"57 
1-58 


Table  XXXH'. 

Effect  jof  Temperature 
on  Capacity. 

AmjB407. 
12^  R.M.S.  Volts. 


Temp. 

Cap./sq.  cm. 

15 

« 

•051 

26 

•052 

31 

■0531 

37 

■054 

42 

•0543 

53 

•0549 

57 

■0554 

61 

•os68 

67 

•0578 

72 

•0591 

74 

•0597 

79 

■0602 

80 

•0603 

82 

•0607 

85 

•o6oii 

87 

•0624 

88 

•071 

89 

•0741 

90 

•07^ 

83 

•083 

On  cooling  down  to 
14  -064 
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Table  XXXV. 

Effect  of  Tt'inpc  rat  lire 
on  Capacity. 

N\i,HPO,. 
7-5  K.M.S.  Volts. 


Table  XXXVI. 

Effect  of  Temperature 
on  Capacity. 

Xa^HPO,. 
9  R.M.S.  Volts. 


Temp. 

Cip.  sq.  cm. 

Temp. 

Cap.  sq.  cm. 

15 

1-38 

17 

•97 

20 

1-41 

20 

roo 

2^ 

143 

25 

1-03 

30 

33 

I  "45 
1-48 

30 

35 

I  09 

I'lO 

40 

1-48 

40 

1-05 

45 

I  "45 

45 

I -06 

50 

1-42 

50 

1-05 

55 

65 
70 

75 

1-4 
^■35 
I  "33 
I '33 

55 
60 
62 
64 
66 
68 

I '02 
0-99 

■97 
•96 

•95 

72 

■95 

Tahli:  XXX\'II. 

Effect  of  Temperature 
on  Capacity. 

Xa,HPO,. 
14-6  R..y.S.  Volts. 


Temp. 

Cap./sq.  cm. 

17 

•74 

20 

■73 

25 

•71 

30 

•69 

35 

71 

40 

70 

45 

•69 

50 

■68 

55 

•671 

60 

•663 

64 

•654 

67 

•645 

69 

•634 

71 

•623 

73 

•622 

75 

•612 

77 

,•602 

On  cooling  down  to 


17 


Table  XXXVIII. 

Effect  of  Temperature  on  Capacity. 

Na^HPO,.     2g  R.M.S.  Volts. 


Temp. 

Cap.sq.  cm. 

18 

■27 

22 

•268 

27 

•266 

35 

•  -271 

41 

•27 

50 

55 
60 

•27 

•269 

•266 

65 
67 

70 

•265 
■263 
•260 

72 

•257 

74 
76 

•255 
•254 

On  cooling  down  to 

18  '222 


Table  XXXIX. 

Effect  of  Temperature  on  Capacity. 

Xa^HPO^.     65  R.M.S.  Volts. 


Temp.      1    Car 

)./sq.  cm. 

18 

115 

21 

113 

24 

III 

35 

III 

37 

112 

40     1 

III 

45 

112 

52 

113 

60 

05 

113 
113 
114 
116 

675 

116 

70 

117 

72           , 

118 
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effect  on  the  capacity.  Each  electrolyte  behaves  in  a  characteristic  way,  and 
NajHP04  gives  on  the  whole  a  decrease  of  capacity  with  temperature,  while 
AmoB407  gives  a  considerable  increase,  a  large  proportion  of  which  persists 
on  cooling  down  to  normal  temperature  again. 

The  Laboratories  of  Applied  Electricity, 
The  University  ok  Liverpool. 
December,  19  lo. 

DISCUSSION. 

Professor  W.  "W.  Haldane  Gee  {communicated)  :  Messrs.  Bairsto  and 
Mercer  are  doing  a  useful  service  in  extending  our  knowledge  of  the  pro- 
perties of  aluminium  films.  The  subject  is  of  technical  importance  not  only 
in  the  use  of  electroh-tic  condensers,  but  also  in  connection  with  rectifiers 
and  lightning  protectors.  Much  remains  to  be  done  before  the  mystery  that 
surrounds  the  extraordinary  properties  of  "the "film"  that  appears  at  the 
surface  bounding  metals  and  electrolytes  is  solved.  It  may  only  be  of  the 
order  of  io~'*  cm.  thick  and  yet  have  a  dielectric  strength  of,  say,  10*  volts  per 
cm.  Some  years  ago  (see  PJiil.  Mag.,  p.  126,  1888),  in  conjunction  with  Mr. 
Hclden,  I  made  man}'  experiments  on  a  film  produced  at  an  anode  of 
platinum  in  sulphuric  acid.  It  was  formed  at  a  critical  current  density,  and 
I  believe  now  that  it  was  due  to  a  film  of  oxj'gen.  In  the  case  of  aluminium, 
and  probably  of  magnesium,  the  electrochemical  conditions  seem  to  be  such 
as  to  build  up  protective  layers  on  the  inner  high  resistance  film,  these  layers 
being,  in  the  case  of  certain  polyvalvent  groups,  exceptionally  strong.  The 
film  ordinarily  present  on  aluminium  makes  it  apparently  electro-negative  to 
zinc  in  water.  I  have  shown  {Proc.  Inst.  Elect.  Engs.,  vol.  41,  p.  446,  1908) 
that  the  film  gradually  disappears  on  heating  and  the  Al  becomes  electro- 
positive to  the  Zn,  but  the  film  re-forms  on  cooling,  the  observations  on  being 
plotted  giving  a  hysteresis  loop.  It  would  have  been  of  interest  had  the 
authors  prepared  similar  curves  showing  the  effect  of  temperature  on 
capacity.  This  section  of  their  work  is  only  preliminary,  but  so  far  as  it  has 
been  carried  it  is  of  importance.  It  is  especially  very  noteworthy  that  in  the 
case  of  several  of  their  curves  a  critical  point  occurs  between  55-40°  C.  This 
is  an  addition  to  the  list  of  critical  conditions  at  about  40°  C.  that  were 
mentioned  in  the  discussion  on  the  "  Electrical  Theory  of  Dyeing"  {Transac- 
tions Faraday  Society,  vol.  vi..  Part  I.,  1910,  pp.  64  and  69). 

Dr.  W.  C.  McC.  Lewis  :  As  regards  the  question  of  the  double  iilm, 
it  can  hardly  be  considered  that  the  evidence  based  on  the  discrepancies 
between  "direct  measurements"  and  "capacity  measurements"  is  quite 
conclusive.  Thus,  if  we  take  the  dielectric  constant  of  the  film  to  be  of  the 
order  of  that  for  water  (viz.,  80  electrostatic  units),  which  is  certainly  as 
reasonable  an  assumption  as  taking  the  value  for^  gas  or  vacuum,  one  finds 
that  the  discrepancies  alluded  to  vanish.  Further,  as  the  authors  themselves 
have  so  admirably  demonstrated,  the  capacity  of  the  film  as  a  whole  increases 
as  the  p.d.  decreases — i.e.,  the  thickness  of  the  film  decreases  as  the  p.d. 
decreases — so  that  it  seems  not>  incompatible  with  the  results  given  to  assume 
that  even  putting  k  =  So  that  the  thickness  of  the  film  would  fall  to 
iQ-"  —  iQ-^  cm.  if  the  p.d.  were  decreased,  say,  to  0*05  volt,  which  is  the 
"  natural  "  value  one  obtains  at  the  interface  where  two  phases  meet — e.g.,  at 
the  contact  surface  between  the    particles  in  a  colloidal  solution  and  the 
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medium  in  which  they  are  suspended.  A  thickness  of  the  order  iq-*"  cm.  is 
the  generally  assumed  value  for  the  Helmholtz  '' Doppelschiclit."  Reasoning 
of  this  approximate  nature  obviously  docs  not  seriously  invalidate  the  con- 
clusions of  the  a.ithors  as  to  the  composite  nature  of  the  lilm.  Their  choice 
of  the  numerical  value  of  k  is,  however,  open  to  question. 

Regarding  the  matter  from  another  point  of  view,  namely  from  the 
possible — and  probable — co-existence  of  capillary  and  electro-capillary 
adsorption  or  surface  condensation  of  the  solute  at  the  metal  solution  inter- 
face, one  would  expect  the  lilm  to  be  of  a  dual  nature.  The  purely  capillar}^ 
part,  dealing  with  adsorption  of  the  salt  as  such  or  ions  in  equivalent  propor- 
tion, possibly  gives  rise  to  the  outer  "conducting"  layer;  and  the  electro- 
capillary  part,  dealing  with  the  preferential  adsorption  of  ions  of  certain 
sign  of  charge  (cations  or  anions),  possibly  forms  the  inner  layer.  (C/.  the 
v,/ork  on  adsorption  carried  out  by  Professor  Donnan  and  his  pupils  at  the 
Muspratt  Laboratory.) 

Mr.  G.  E.  Bairsto  {communicated  reply)  :  In  reply  to  Professor  Haldane 
Gee,  in  those  cases  in  which  on  cooling  down  to  ordinary  temperatures  a 
certain  proportion  of  the  increase  of  capacity  persisted,  there  could  of  course 
be  no  true  "hysteresis  loop,''  but  the  capacity  follows  a  curve  which  lies 
entirely  above  the  heating  curve,  thus  bounding  a  certain  area.  The  course 
of  the  cooling  curve,  however,  depends  upon  the  rate  of  cooling,  and  also 
somewhat  on  the  length  of  time  for  which  the  electrolyte  was  kept  at  the 
boiling  point.  For  this  reason  no  cooling  curves  were  given  in  the  pre- 
liminary results  given  in  the  paper. 

Dr.  McC.  Lewis  questions  the  assumption  of  ^^i,  but  the  arguments 
given  in  the  paper  are  independent  of  the  particular  value  of  k  assumed. 
There  is  another  fact  not  mentioned  in  the  Paper  supporting  the  conclusions, 
and  that  is  that  the  thickness  of  the  outer  film  as  seen  by  the  interference 
colours  given  by  reflected  light,  increases  considerably  with  lapse  of  time, 
say  four  or  five  times,  whereas  the  percentage  change  in  the  thickness  of  the 
dielectric  stratum  is  comparatively  small. 

I  cannot  agree  with  his  reasoning  based  on  the  Helmholtz  "double  layer," 
for  I  think  the  conditions  that  exist  there  are  quite  different  from  those  of 
the  Al  film,  where  we  may  have  an  impressed  voltage  of  anything  up  to 
500  volts.  As  regards  the  mechanism  by  which  the  inner  film  is  formed,  this 
seems  to  be  a  stumbling-block,  and  his  suggestion  that  is  formed  by  the 
electro-capillary  part  of  the  adsorption  will  be  of  value. 


THE  WEIGHT  OF  A  "NORMAL"  LITRE  OF  HYDRO- 
GEN* CHLORIDE  AND  THE  ATOMIC  WEIGHT  OF 
CHLORINE. 

By   frank  PLAYFAIR   BURT,  B.Sc,   and   R    \V    WHYTLAVV- 

GRAY.  Ph.D. 

{A  Paper  read  before  the  Faraday  Society,  Tuesday,  March  14,  191 1, 
Dr.  J.  A.  Harker,  F.R.S.,  in  the  Chair.) 

As  the  result  of  an  exhaustive  research  on  the  density  of  hydrogen 
chloride,  involving  no  fewer  than  twenty-eight  weighings  of  the  gas, 
Herr  Otto  Scheuer-'=  concludes  that  the  weight  of  a  normal  litre  is 
I '63944  ±  000004  grams,  and  that  the  value  i •6391 5  ±000005  grams  pre- 
viously obtained  by  us  is  slightly  too  small. f  The  ditference  between  the 
two  values  hardly  e.Kceeds  i  part  in  6,300,  but  is  much  greater  than  the  mean 
probable  error  calculated  for  each  series  by  the  method  of  least  squares,  and 
in  consequence  the  atomic  weight  of  chlorine  obtained  by  combining  the 
density  with  the  results  of  our  volumetric  anal\-sis  and  compressibilitj' 
measurement  is  affected  b}'  an  uncertainty  of  the  same  order.  Our  values 
for  chlorine  are  in  striking  agreement  with  those  of  Dixon  and  Edgar  ;  those 
of  Scheuer  are  slightlv  higher,  but  all  three  sets  of  results  are  very  appre- 
ciably larger  than  the  values  found  bv  Xoyes  and  Weber,  J  and  by  Richards  § 
and  his  colleagues. 

The  calculation  of  the  most  probable  atomic  weight  to  be  assigned 
to  this  element  is  further  complicated  by  the  slight  uncertainty  which  still 
exists  in  the  atomic  weight  of  hydrogen.  According  to  Morley  ||  if  0^i6 
H  =  100762,  whilst  according  to  Noyes  •!  H  =  1-00787.  In  consequence, 
some  of  our  own  results,  and  Scheuer's,  as  well  as  those  of  Dixon  and  Edgar,** 
and  Xoyes  and  Weber,  lead  to  two  parallel  sets  of  numbers,  and  it  is  difficult 
to  say  which  mean  value  is  the  more  exact  approximation. 

Table  I. 
The  Atomic  Weight  of  Chlorine,  0:=i6. 


H  =•  I  00762. 

H  =  I  00787. 

3  5 '45  2 

35"4<'i 

35'459 

35 '467 

35"46i 

i        35'469 

35'462 

35470 

35'463 

35"47i 

35"465 

,        35471 

Noyes  and  Weber,.. 
Gray  and  Burt 

Edgar -If 

Edgarf+      

Dixon  and  Edgar  ... 

Scheuer       

M«-^an        35*460        I        35'468 

I \ 

*  Zcitsch.  Physik.  Chem.,  190Q,  68,'  575.      1'  Zeifsch.  Physik.  Chem.,  1896,  20,  i. 

t  Trans.  Chem.  Soc,  1909,  95,  1644.  *■   Journ.  Amcr.  Chem.  Soc.  1907,  29,  1718. 

*  fotini.Amer.  Chem.  Soc.,  1908,  30,  13.     **  Phil.  Trans.,  1905,  205,  160. 
§  Ibid.,  1909,  31,  6.  ft  Ibid.,  190S,  A.,  209,  i. 
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A  clioice  between  the  two  must  clearly  be  governed  by  the  results  of 
other  determinations  in  which  chlorine  has  been  referred  more  or  less 
indirectly  to  oxygen  ;  but  apart  from  physico-chemical  evidence  there  are 
only  two  investigations  which  fulfil  these  conditions,  viz.,  that  of  Richards" 
and  his  colleagues,  in  which  chlorine  and  oxygen  were  linked  by  means 
of  the  ratios  Ag  :  AgXOa,  Ag  :  AgCl  and  AgCl  :  NH^Cl,  and  that  of  Guye 
and  Fluss,+  who  directly  conapared  the  atomic  weights  of  nitrogen,  oxygen, 
and  chlorine  by  the  analysis  of  nitrosyl  chloride. 

The  two  values  yielded  by  these  researches  are  : — 

Richards ^1  =  35  45^> 

Guye  and  Fluss 01  =  35-466 

Richards'  value  involves  a  knowledge  of  the  atomic  weights  of  hydrogen  and 
nitrogen,  but  a  slight  variation  in  the  former  hardly  affects  the  results,  and 
there  can  be  little  doubt  now  that  the  uncertainty  in  the  latter  is  very  small.  | 
The  method  of  Guye  and  Fluss  has  the  advantage  of  affording  a  direct  com- 
parison between  chlorine  and  oxygen  ;  but  the  agreement  one  naturally 
expects  between  the  results  of  the  two  researches  is  strikingly  absent,  the 
values  differing  by  nearly  i  part  in  3,500,  so  that  no  decisive  conclusion  can 
be  drawn  from  this  evidence. 

Physico-chemical  measurements  afford  another  means  of  obtaining  the 
atomic  weight  of  chlorine  directly  in  terms  of  the  oxygen  standard.  By 
comparing  the  limiting  densities  of  oxygen  and  hydrogen  chloride  the 
molecular  weight  of  the  latter  gas  can  be  obtained.  The  atomic  weight 
of  the  halogen  can  then  be  deduced  by  subtracting  the  atomic  weight  of 
hydrogen,  which  in  this  case  does  not  need  to  be  known  with  great  exact- 
ness. This  was  the  method  we  followed  in  the  latter  part  of  the  research 
already  cited,  and  we  obtained  for  chlorine  the  value  35'46i,  but  the  sub- 
stitution of  Herr  Scheuer's  density  for  ours  yields  the  value  35'466.  It  is 
true  that  the  concordance  here  is  greater  than  in  the  former  case,  but  it  can 
hardly  be  said  to  set  at  rest  all  doubts  on  the  question  at  issue.  A  knowledge 
of  the  exact  value  of  the  density  of  hydrogen  chloride  is  hence  of  great 
importance  in  a  discussion  of  the  true  atomic  weight  of  chlorine.  At  present 
there  is  no  reason  why  the  values  of  Dixon  and  Edgar,  Edgar,  ourselves,  and 
Scheuer  referred  to  the  higher  hydrogen  basis,  as  well  as  that  of  Guye  and 
Fluss,  should  be  any  less  probable  than  the  much  lower  value  of  Richards, 
and  that  of  Noyes  and  Weber  expressed  on  the  lower  hydrogen  basis,  but 
if  the  density  of  hydrogen  chloride  were  established  beyond  doubt  within 
narrow  limits  of  error,  strong  evidence  would  be  furnished  in  favour  of  one 
of  the  two  competing  sets  of  values. 

Before  attempting  to  decide  which  of  the  two  values  for  the  weight  of  a 
normal  litre,  our  own  or  Scheuer's,  is  the  closer  approximation,  it  is  necessary 
to  consider  the  errors  which  may  have  affected  both  series  of  results. 

Discussion  ok  the  Chief  Sources  ok  Error  ix  the  Determination  ok 
THE  Density  of  HCl, 

Our  experience  in  measuring  the  density  of  this  gas  has  been  in  many 
respects  similar  to  Scheuer's.  The  individual  results  agree  fairly  well  among 
themselves,  but  not  so  well  as  the  errors  of  measurement  would  lead  one  to 
expect.      The    total    probable    uncertainty    in    each    individual   result   is,    in 

*  Loc.  cit. 

t  Jonrn.  Chun.  I'hys.,  1908,  6,  72)2. 

*  Guye  and  Drouginine,  Jonrn.  Chini.  Phys.,  1910,  8,  473. 
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Scheuer's  case,  about  i  part  in  5,000  ;  in  our  case  it  is  of  the  same  order,  and 
yet  the  maximum  deviations  in  the  two  cases  are  i  part  in  1,640  and  i  part  in 
1,^33  respectively.  This  can  hardly  be  attributed  to  a  variation  in  puritv  of 
the  gas,  for  fractionation  did  not  cause  a  progressive  change  in  density,  and, 
moreover,  our  volumetric  analyses  yielded  very  concordant  values.  We  must 
therefore  conclude  that  these  variations  are  caused  by  some  disturbing  factors, 
which  are  inherent  in  the  methods  employed.  Several  possibilities  are  worthy 
of  consideration,  and  the  more  important  appear  to  us  to  be  : — 

(a)  Chemical  action  of  the  gas  on  the  lubricant  used  for  the  stopcocks. 

(b)  Solution  of  the  gas  in  the  lubricant. 

(c)  Adsorption  of  the  gas  on  the  glass  surfaces  of  the  density  bulbs. 

(a)  and  (6). — It  is  probable  that  there  is  no  stopcock  lubricant  which  does 
not  dissolve  this  gas  to  an  appreciable  extent.  Our  earlier  experiments  were 
carried  out  in  an  apparatus  in  which  the  stopcocks  were  lubricated  with  a 
grease  compounded  of  the  same  ingredients  as  that  used  by  Scheuer.  We 
found  the  grease  was  markedly  attacked  by  the  gas,  soon  becoming  dark  in 
colour  and  in  some  cases  apparently  charring.  This  has  also  been  noticed 
by  Steele  and  Bagster.*  Its  use  was  therefore  .abandoned  in  favour  of  a  pure 
paraffin  lubricant,  and  the  densities  previously  obtained  were  rejected.  It  is 
noteworthy  that  the  mean  of  these  densities  agrees  very  closeh'  with  Scheuer's 
results,  as  the  following  table  shows  : — 

Gas  from  XH^Cl  and  Concentrated  H;S04  Rubber  Grease  on  Taf>s. 

(Weight  of  a  normal  litre  ;    no  correction  for  adsorption.) 

I  "63958 
I  "6392 1 
I  "63927 
I -63987 
1-63986 
I  "63936 
Mean    ...     i '63952 — Scheuer's  value,  1*63944. 

and  is  in  marked  contrast  to  our  later  mean,  viz.,  i •63922,  obtained  in  the 
same  bulb,  when  the  rubber  grease  was  replaced  by  the  paraffin  lubricant. 
Without  laying  too  much  stress  on  this  point,  we  are  inclined  to  believe  that 
rubber  vaseline  grease  is  unsuitable  for  use  with  hydrogen  chloride,  and 
partially  accounts  for  the  discrepancy  between  Scheuer's  results  and  our  own. 
Even  in  presence  of  a  lubricant  which  is  not  chemically  attacked  there  is 
still  the  possibility  of  an  appreciable  error  resulting  from  solution.  The  tap 
grease  dissolves  the  gas,  and  part  of  this  is  given  off  when  the  density  bulb  is 
pumped  out.  In  practice  this  effect  will  tend  to  make  the  density  determina- 
tions too  high.  During  the  filling  and  adjustment  of  the  temperature  and 
pressure  the  grease  partially  saturates  itself  and  causes  the  full  bulb  to  weigh 
more  than  it  should.  On  exhaustion  all  or  part  of  the  gas  in  solution  is  given 
up  and  the  subsequent  weighing  approximates  closely  to  the  initial  one,  so 
that  the  non-variation  in  weight  of  the  empty  bulb  during  a  series  of  deter- 
minations is  no  proof  of  the  absence  of  this  error.  That  solution  actually 
occurs  is  proved  both  by  Scheuer's  results  f  and  our  own,|  but  the  amount  of 
gas  dissolved  or  given  up  varies  so  much  with  the  experimental  conditions 
that  it  is  not  possible  to  apply  a  constant  correction. 

•  Trans.  Chem.  Soc,  1910,  98,  2608. 
t  ^^oc.  cit.,  1910,  p.  601. 
J  Loc.  cit.,  p.  1643. 
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(c)  Adsorption. — The  adsorption  or  condensation  of  compressible  gases 
on  glass  surfaces  has  often  been  pointed  out  as  a  source  of  error  of  uncertain 
magnitude  in  exact  densit}'  determinations.  Most  experimenters  have  sought 
to  determine  its  influence  by  varying  the  capacity  of  the  bulb  in  which  the 
gas  is  weighed.  This  method  has  yielded  no  very  definite  results  for  gases 
beyond  showing  that  the  magnitude  of  the  effect  must  be  small.*  It  will 
generallv  be  admitted  that  when  a  given  mass  of  gas  is  introduced  into  a 
glass  vessel  the  pressure  exerted  bj'  the  gas  on  the  walls  will,  on  account  of 
adsorption,  be  slightly  diministied.  The  greater  the  ratio  of  surface  to  volume 
the  greater  will  be  the  diminution  of  pressure,  and  conversely  the  pressure 
corresponding  to  the  total  number  of  molecules  in  the  mass  of  gas  will  only 
be  reached  when  this  ratio  is  infinitely  small.  As  McBain  f  has  shown  in  the 
case  of  hydrogen  adsorbed  by  cocoa-nut  charcoal,  the  total  quantity  of  con- 
densed gas  exists  in  two  states — (a)  a  surface  film,  {b)  a  solution  in  the  material 
of  the  condensing  surface.  When  equilibrium  between  the  gas  and  its  con- 
densing surface  has  been  obtained  a  constant  fraction  of  the  total  mass  of  gas 
is  present  in  these  two  states,  but  the  magnitude  of  this  fraction,  surface 
remaining  constant,  must  clearly  depend  on  the  concentration  of  the  gas 
producing  adsorption  and  also  on  the  temperature.  In  other  words  the 
actual  mass  adsorbed  will  vary  with  the  pressure  and  temperature  of  the  gas 
in  the  vessel. 

In  the  case  of  hydrogen  and  charcoal,  McBain  has  shown  that  equilibrium 
between  the  free  gas  and  that  adsorbed  as  a  surface  layer  is  quickly  reached, 
whilst  adjustment  of  equilibrium  of  the  gas  in  solution  proceeds  slowly  and  is 
only  complete  after  a  considerable  interval  of  time.  Bearing  in  mind  the 
possible  existence  of  these  two  effects,  we  have  investigated  the  adsorption 
of  HCl  on  glass  surfaces  in  the  following  way  : — 

The  method,  of  which  only  a  brief  account  has  appeared  before,  was 
originated  by  a  suggestion  of  Professor  W.  Ostwald,  and  is  based  on  the 
assumption  that  when  gas  is  displaced  at  constant  pressure  from  a  glass 
vessel  by  means  of  mercury  the  adsorbed  gas  remains  behind  between  the 
mercury  and  the  glass  surface,  and  can  afterwards  be  collected  by  lowering 
the  mercury  so  as  to  produce  a  Torricellian  vacuum.  The  adsorbed  gas  given 
up  is  then  removed,  and  the  process  can  be  repeated  until  further  evolution 
ceases.  The  apparatus  consisted  of  two  cylinders  A  and  B  of  about  300 
sq.  cm.  internal  surface,  connected  with  each  other  through  a  two-way 
stopcock  C.  The  cylinders  could  be  filled  with  mercury  from  the  reservoirs 
D  and  E,  which  were  attached  to  a  cord  running  over  tlie  pulleys  G  and  H, 
This  system  of  adjustment  enabled  one  to  transfer  the  gas  from  one  cylinder 
to  the  other  at  constant  pressure.  The  cylinder  B  was  not  used  in  the 
measurements,  and  merely  served  as  a  reservoir  for  the  collection  of  the 
displaced  gas. 

The  measuring  cylinder  A  was  surrounded  with  ice  and  water  contained 
in  a  tin  bath,  and  the  capillary  tube  K,  which  was  carefully  calibrated,  was 
used  for  the  measurement  of  the  volume  of  the  adsorbed  gas. 

Before  the  hydrogen  chloride  entered  the  apparatus  the  greatest  care  was 
taken  to  ensure  the  complete  absence  of  moisture,  for  both  Scheuer  and  our- 
selves found  that  condensation  is  greatly  increased  if  the  vessels  are  not 
thoroughly  dry.  The  gas  was  left  in  contact  with  the  glass  for  twenty-four 
hours,  and  then  displaced  into  the  cylinder  B  at  constant  pressure.     The  tap 

•  G.  Baume,  Joiirn.  CItim.  Phys.,  1908,  6,  i.     Guye  and  Davila,  Man.  dc  la  Soc. 
dc  Phys.  et  d'Hist.  nat.  Geneve,  35,  635,  1908. 
t  Zeilsch.  Physik.  Clicm.,  1909,  68,  497. 
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C  was  then  turned  oft",  and  a  short  length  of  the  mercury  thread  was  frozen 
in  the  cahbrated  capillary  by  means  of  solid  carbon  dioxide  contained  in  the 
paper  vessel  L.  This  was  necessary  because  the  gas  dissolved  in  the  grease 
of  the  tap,  and  was  afterwards  slowly  evolved  in  a  vacuum.  The  mercury 
was  next  lowered  so  as  to  produce  a  vacuum,  into  which  the  adsorbed  gas 
escaped,  and  on  allowing  mercury  to  reiiU  the  cylinder  this  gas  was  collected 
and  measured,  and  afterwards  removed  through  the  tap  C.  This  series  of 
operations  was  repeated  a  number  of  times,  allowing  definite  intervals  for 


H 


the  adsorbed  gas  to  accumulate  in  the  vacuum,  until  the  volume  obtained 
became  negligibly  small.  The  increments  of  gas  were  summed,  and  in  this 
way  the  total  gas  volume  given  off  from  the  walls  of  the  cylinder  in  a  given 
time  was  obtained.  Cylinder  A  was  allowed  to  saturate  itself  with  gas  at 
four  different  initial  pressure's.     The  results  were  as  shown  on  page  35. 

The  volumes  of  gas  evolved  were  then  plotted  against  the  times  of  exposure 
to  vacuum,  and  yielded  a  scries  of  four  curves,  which  are  here  reproduced 
(Fig.  2,  p.  36), 
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In  addition,  the  total  adsorption  was  measured  on  a  diftcrent  glass  surface 
bv  replacint^  cylinder  .4  by  a  thick-wailed  bulb  of  moulded  glass.  The 
volume  of  gas  condensed  was  in  this  case  considerably  larger,  being  0-047  C-C. 
at  normal  temperature  and  pressure  for  a  surface  of  320  cm.  for  a  saturation 


Pressure  during 

Saturation. 

Mnis.  of  mercury. 

Volume  of  Gas  at  Xormal 

Temperature  and  Pressure 

in  c.c. 

Time  of  Exposure  of 

Walls  to  Vacuum 

in  Minutes. 

730 
730        . 

o-oo86 
0-0098 
0-0103 

33 
246 

547 
547 
547 

0-0055 
0-0067 
0-0070 

31 
188 
279 

317 
317 
317 

0-0038 
0-0047 
00048 

31 
130 
217 

218 

0-0028 

32 

218 

00033 

no 

pressure  of  782  mm.  It  might  be  supposed  that  part  of  the  gas  set  free  in 
this  way  had  been  mechanically  imprisoned  in  cavities  in  the  glass  by  the 
rising  mercury.  To  test  this  point  similar  experiments  were  carried  out  on 
air  and  also  on  hydrogen.  The  volume  of  air  adsorbed  was  very  much 
smaller,  but  curves  of  exactly  the  same  type  resulted. 

The  adsorption  with  hydrogen  was  barely  detectable.  Had  the  gas  been 
mechanically  imprisoned  the  volume  of  air  or  hydrogen  should  have  been  of 
the  same  order  of  magnitude  as  that  of  the  hydrogen  chloride. 

The  form  of  the  curves  shows  that  the  larger  portion  of  the  condensed 
gas  is  very  quickly  evolved  in  vacuo.  An  appreciable  fraction  continues  to 
be  given  off  at  a  gradually  decreasing  rate,  which  does  not  reach  zero  even 
after  five  hours.  Thus  at  a  saturation  pressure  of  732  mm.  o-oo86  c.c.  is  given 
off  after  thirty-three  minutes,  and  only  0-0018  c.c.  more  is  yielded  after  five 
hours.  The  quantity  of  gas  condensed  is  very  nearly  directly  proportional  to 
the  pressure,  and  lends  no  support  to  the  view?  of  Scheuer  that  the  adsorbed 
layer  is  permanent,  and  does  not  vary  with  the  degree  of  evacuation  of  the 
bulb.  Very  similar  curves  to  ours  have  been  obtained  by  McBain  in  the 
research  already  cited,  so  that  it  is  legitimate  to  conclude  that  our  results 
establish  for  HCl  on  glass  surfaces  the  existence  of  the  two  kinds  of  adsorp- 
tion. From  these  curves  the  total  quantity  of  gas  adsorbed  per  sq.  cm. 
surface  at  a  saturation  pressure  of  760  mm.  after  equilibrium  has  been 
obtained,  can  be  calculated  if  the  adsorption  be  assumed  to  be  directly  pro- 
portional to  the  saturation  pressure.  This  is  for  the  glass  of  the  cylinders 
0-036  cub.  mm.  at  0°  and  760  mm.,  for  the  glass  of  the  moulded  bulb 
0-146  cub.  mm.  at  0°  and  760  mm.  The  adsorption,  even  on  the  surface  of 
the  moulded  bulb,  is  hence  very  small,  and  need  only  be  taken  into  account 
when  results  of  the  highest  degree  of  accuracy  are  desired.  The  actual 
adsorption  on  the  glass  density  bulb  itself  was  not  measured,  but  experiments 
in  a  similar  bulb  showed  that  it  approximated  to  the  higher  figure,  and  the 
correction  applied  in  our  previous  research  was  calculated  from  this.  Objec- 
tion to  the  correction  might  be  taken  on  the  ground  that  it  is  smaller  than 
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the  probable  experimental  error  of  each  individual  determination.  The 
probable  accuracy  of  the  mean  of  a  series  of  values  is,  however,  very  much 
greater,  and  since  an  error  of  known  magnitude  is  introduced  by  adsorption, 
the  correction  seemed  to  us  legitimate.  Our  glass  density  bulb  had  an 
internal  surface  of  291  sq.  cm.  The  correction  per  litre  is  hence 
0"000i4  grams,  which  only  changes  the  density  by  i  part  in  10,300.  It 
is,  however,  to  be  noted  that  a  very  small  trace  of  moisture  on  the  glass 
surfaces  of  the  bulb  would  increase  greatly  the  magnitude  of  this  correction. 
With  regard  to  the  sign  of  the  adsorption  correction,  we  find  ourselves 
totally  at  variance  with  Scheuer."  Our  results  prove  conclusively  that  the 
adsorbed  layer  of  gas  is  not  of  constant  mass,  and  varies  with  the  pressure  in 
the  density  bulb,  temperature  remaining  constant.  In  consequence  the 
apparent  density,  whether  determined  by  the  method  of  Regnault  or  by  the 
charcoal  absorption  method,  will  be,  in  all  cases,  slightly  too  large,  and  must 
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Fig.  2. — Hydrogen  Chloride  Adsorption  Curves,  Glass  Cylinder 
Surface  300  sq.  cm.  ;  temp.  0°  C. 


be  decreased  by  the  weight  of  the  adsorbed  gas.  It  is  true  that  the  adsorbed 
gas  is  not  evolved  immediatel}'  on  evacuating  the  density  bulb,  but  in  our 
experiments  the  latter  was  exposed  to  low  pressures  for  at  least  two  hours 
during  the  absorption  by  cocoa-nut  charcoal,  and  it  is  easily  seen  from  our 
curves  that  the  residual  gas  must  have  been  of  quite  negligible  mass.  This 
was  confirmed  by  direct  experiments  in  which  the  exhausted  bulb  was 
washed  out  with  silver  nitrate  solution.! 

The  foregoing  discussion  leads  to  the  conclusion  that  the  chief  errors  in 
the  determination  of  this  constant  are  all  of  the  same  sign.  The  use  of 
rubber,  vaseline  grease,  solution  of  gas  in  the  lubricant,  as  well  as  adsorption 
make  the  apparent  density  too  large.  In  our  measurements  some  of  these 
errors  were  eliminated  or  minimised,  and  though  our  value,  i  "6391 5 +  0-00005 
grams  per  litre,  is  possibly  still  a  little  too  high,  we  believe  it  to  be  accurate 
within  small  limits. 


Loc,  cit..  p.  613. 


t   Trans.  Chcm.  Soc,  loc.  cit. 
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Exptrimcntal. — With  the  idea  of  putting  these  conclusions  to  an  experi- 
mental test,  we  have  devised  a  method  of  measuring  the  density  of  the  gas, 
which  eliminates  error  due  to  adsorption  effects,  and  partially  counteracts 
the  influence  of  solution  of  gas  in  the  tap  grease.  The  gas  was  weighed,  con- 
densed on  charcoal,  as  in  our  previous  experiments,  but  instead  of  exposing 
the  glass  surface  of  the  volume  bulb  to  a  vacuum,  the  gas  was  displaced  from 
the  latter  by  means  of  pure  mercury,  as  in  the  adsorption  experiment.  The 
method  adopted  will  be  clear  from  the  accompanying  diagram  (Fig.  3). 
The  pressure  of  gas  in  the  bulb,  which  was  cooled  to  0°  C,  was  measured  on 
a  direct-reading  manometer,  and  was  adjusted  closely  to  the  neighbourhood 


Fig. 


of  760  mm.  After  the  connecting  tubes  had  been  exhausted  in  the  usual 
way  by  means  of  the  subsidiary  charcoal  bulb  C,  mercury  was  allowed  to 
enter  the  volume  bulb  at  the  same  rate  as  the  gas  was  absorbed  in  the 
weighing  bulb  B.  The  flow  of  gas  could  be  regulated  by  gradually  cooling 
B.  During  the  process  the  mercury  reservoir  D  was  slowly  raised  so  as  to 
keep  the  internal  pressure  constant  and  approximately  atmospheric.  At  the 
end  of  the  operation  mercury  was  allowed  to  pass  through  the  tap  bore  a 
short  distance  into  the  capillary  beyond,  where  it  was  frozen  by  means  of 
solid  CO,  contained  in  a  paper  cup,  not  shown  in  the  diagram.  This  cup 
was  filled  with  COj  before  the  transference  of  the  gas  began,  and  served  not 
only  to  freeze  the  end  of  the  mercury  thread,  but  also  to  condense  any 
mercury  vapour  carried  over  by  the  gas  in  its  passage,  as  well  as  to  prevent 
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the  evolution  of  gas  dissolved  in  the  tap  grease.  Finally  the  bulb  B  was 
immersed  in  liquid  air  for  a  few  minutes  in  order  to  absorb  the  gas  remaining 
in  the  connecting  tubes. 

Any  traces  of  mercury  that  escaped  condensation  by  the  CO^  were 
absorbed  in  a  tube  E,  which  was  tightly  packed  with  fine  gold  wire. 

At  the  end  of  the  experiment  dry  air  was  let  into  the  connecting  tubes  by 
breaking  the  point  of  the"  sealed  capillary  G. 

The  gas  was  prepared  by  the  interacting  of  pure  XH^Cl  and  syrupy 
phosphoric  acid  in  a  vacuum,  which  previous  experience  has  shown  to 
give  the  purest  product.  In  these  experiments  we  have  entirely  dispensed 
with  the  use  of  P2O5  as  a  desiccating  agent,  and  have  used  instead  redistilled 
anhydrous  AICI3.  The  gas  was  first  passed  through  a  long  tube  containing 
mercury,  and  then  dried,  liquefied,  fractionated,  and  finally  sublimed,  during 
which  process  the  last  traces  of  air  were  pumped  off. 

Scrupulous  care  was  taken  to  ensure  the  thorough  desiccation  of  the 
volume  bulb.  It  was  washed  out  for  a  long  time  with  a  stream  of  dry  air, 
evacuated,  and  finally  treated  many  times  with  pure  dry  HCl  before  making 
a  determination. 

We  are  unable  to  agree  with  Scheuer  that  hydrogen  chloride  must  not  be 
allowed  to  come  in  contact  with  mercury.  We  have  never  detected  any 
reaction  when  the  two  substances  were  pure.  Experiments  carried  out  by 
one  of  us  on  the  vapour  pressures  of  this  gas  show  that  unless  both  gas  and 
metal  are  in  a  high  state  of  purity  a  reaction  does  occur,  which  liberates 
hydrogen  and  forms  mercurous  chloride.  On  the  other  hand,  when  pure 
materials  were  employed  no  reaction  was  observed  even  at  a  temperature  of 
50°,  and  under  a  pressure  of  80  atmospheres.  The  compressed  gas  was 
allowed  to  stand  in  the  experimental  tube  of  a  modified  Andrews  apparatus 
for  several  weeks,  and  at  the  end  of  this  time  no  rise  of  pressure  during 
liquefaction  could  be  detected.  Further,  in  our  adsorption  experiments  the 
gas  in  the  cylinders  remained  for  months  in  contact  with  mercury,  without 
impairing  the  lustre  of  its  surface  in  the  slightest  degree,  and  without  causing 
any  stain  at  the  junction  of  the  metal  and  the  glass.  We  have,  however, 
repeatedly  noticed  that  if  the  gas  contains  traces  of  air,  chlorine  and  water 
vapour  are  formed  on  standing,  and  an  appreciable  film  of  chloride  appears 
on  any  mercury  surface  exposed  to  the  gas.  In  order  to  remove  traces  of 
chlorine  formed  in  this  way,  the  mercury  tube  already  mentioned  was  used 
in  the  purifying  train.  The  mercury  for  these  experiments  was  purified  by  a 
prolonged  agitation  with  aqueous  hydrochloric  acid,  following  the  usual 
treatment  with  acid  mercurous  nitrate,  and  was  afterwards  dried  by  heating 
to  about  200°  C. 

Finally,  the  following  experiment  demonstrated  conclusively  that  no 
action  between  the  mercury  and  the  gas  took  place  under  the  conditions 
of  these  experiments :  The  volume  bulb,  half-filled  with  mercury,  was 
allowed  to  stand  in  contact  with  the  pure  gas  for  65  hours  (the  usual 
exposure  during  a  determination  rarely  exceeded  half  an  hour).  At  the 
end  of  this  time  the  gas  was  passed  into  a  few  c.c.  of  strong  aqueous 
potassium  hydroxide,  which  had  previously  been  boiled.  The  275  c.c.  of 
gas  were  completely  absorbed,  with  the  exception  of  a  minute  bubble  of  a 
volume  not  exceeding  2  cub.  mm.  No  appreciable  additional  quantity  of  gas 
was  obtained  on  boiling  the  solution  in  situ.  The  volume  of  the  unabsorbed 
gas  was  less  than  josaoo  part  bf  the  whole,  and  could  not  have  affected  the 
results. 

Calibration  of  the  Volume  Bulb. — The  bulb  was  calibrated  by  determining 
the  weight  of  mercury,  which  at  o*  C.  exactly  filled  it  from  a  mark  on  the 
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lower  capillary  up  to,  but  not  including,  the  tap  bore.     Two  separate  deter- 
minations gave  for  the  weight  of  mercury — 


(0    7495*3 it>  grams 
(2)     7495*282  grams 


corresponding  to  the  vohimes- 


(i)     551*309  c-c. 
(2)    551*306  c.c. 


Mean  551-308  c.c. 

Vac.  corr.  for  air  displaced  by  mercury...     +0*050  c.c. 

True  volume         ...     551  "358  c.c. 

The  weights  used  were  recalibrated  for  this  series  of  experiments  and 
their  relative  values  determined  by  weighing  the  pieces  against  each  other  in 
air.  No  corrections  were  made  for  the  air  displaced  by  the  weights  them- 
selves, for  reasons  already  given."  The  height  of  the  manometric  column 
was  expressed  in  terms  of  a  different  scale  to  that  used  in  the  previous 
density  determinations,  namely,  in  terms  of  the  one  subsequently  employed 
in  our  compressibility  measurements.  These  precautions  were  taken  with 
the  object  of  detecting  any  constant  errors  which  might  have  crept  into 
our  previous  work.  The  results  themselves  arc  contained  in  the  following 
table  :— 


No 

Pressure. 

Weight. 

Weight  of  a  Litre  of  Gas  at  0°  and  760  m., 

( 

Mms.  mercury. 

Grams. 

lat.  London. 

I 

755*20 

0-89835 

1*63977  grams. 

2 

753*68 

089665 

1*63999     .. 

3 

755-89 

0-89934 

I -64007       ,, 

4 

754*  1 1 

089716 

1*63999     .. 

5 

754-72 

0-89816 

1-64049       ,, 

6 

756-08 

0-89943 

1-63982       „ 

7 

756-63 

0-90024 

I  -64009       „ 

8 

755-98 

0-89949 

1-64016       „ 

9 

756-12 

0-89978 

1-64037 

10 

756-73 

0-90047 

1-64030       „ 
Mean  ...   164011  +000005 

The  agreement  of  the  individual  results  is  distinctly  better  than  that 
previously   obtained,    the  maximum  divergence  being  4  4  in    10,000.     The 

weight  of  a  normal  litre  is  hence   - — ^^ttt^  =  1-63915  grams  (where  1-000588 

is  the  factor  which  expresses  difference  in  the  value  of  "  g  "  between  London 
and  lat.  45^),  and  is  identical  to  the  fifth  place  of  decimals  with  our 
previous  result. 

Such  a  close  agreement  is  no  doubt  accidental,  since  it  is  less  than  the 
probable  experimental  error,  but  nevertheless  it  affords  a  strong  confirmation 
of  the  correctness  of  our  former  work. 


Trans.  CItciii.  Soc,  loc.  cit. 
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The  whole  of  our  results  on  the  density  of  this  gas  may  be  summarised  as 
follows: — 


Series. 

Source  of  Gas. 

Number  of 
Experiments. 

Volume  of  Bulb. 

Mean  Weight  of  a  Normal 
Litre. 

I. 

II. 

III. 

IV. 

XaCl  and  H,SO, 
SiCl,  and  H,0 
NH.Cl  and  H,S04 
NH.Cl  and  H3PO4 

4 
7 

10 
10 

465856 
465-856 
457"42o 
55i-35« 

1-63907  grams 

1^39 1 4      „     , 
1-63920      „ 

I '639  [5      » 

The  gas  was  prepared  from  four  different  sources.  In  Series  I.,  II.j  and 
III.  it  was  dried  by  phosphoric  anhydride,  in  Series  IV.  by  anhydrous 
aluminium  chloride.  The  gas  was  fractionated  many  times  and  in  a  variety 
of  ways,  and  it  was  also  sublimed  at  low  pressure  without  any  detectable 
alteration  of  density.  The  gas  itself  was  absorbed  completely  by  solid 
caustic  potash,  and  the  unabsorbed  residue  remaining  after  treatment  with 
boiled  aqueous  caustic  potash  was  negligibly  sirtall.  The  densit}'  bulb  in 
Series  I.,  II.,  and  IV.  was  of  glass,  in  Series  III.  a  fused  silica  one  was  used. 
In  all  cases  the  gas  was  weighed  condensed  on  charcoal  in  a  bulb  of  small 
volume,  but  in  Series  IV.  the  method  was  varied  by  displacing  the  gas  from 
the  density  bulb  at  constant  pressure  by  means  of  mercury,  and  by  using  a 
different  set  of  weights  and  a  different  manometer  scale.  In  all  thirty-one 
determinations  were  made,  and  the  arithmetic  mean  gives  the  value — 

1-63915  ±  0-00004  grams 

as  the  weight  of  a  normal  litre  of  hydrogen  chloride. 

This  result  does  not  modify  our  previous  conclusions,  and  we  wish  to 
express  our  belief  that  the  most  probable  value  for  the  atomic  weight  of 
chlorine  yielded  by  physico-chemical  evidence  is  35*460,  a  value  which  is 
identical  with  that  adopted  by  the  International  Committee  for  Atomic 
Weights  in  their  report  for  1910. 

University  College, 
London,  W.C. 


DISCUSSION. 

The  Chairman  said  the  Society  was  to  be  congratulated  on  having  had 
the  opportunity  of  publishing  Papers  of  this  type.  He  considered  that  the 
accuracy  attained  by  the  authors  was  surprising.  It  w-as  remarkable  that 
the  gas  could  be  obtained  so  pure  and  could  be  manipulated  over  Hg. 

With  regard  to  tap-grease  he  remembered  in  some  experiments  trying 
sulphuric  acid,  but  he  found  this  absorbed  HCl,  and  after  a  time  did  not 
lubricate  well.     He  also  tried  metaphosphoric  acid. 

Dr.  R.  "Whytlaw-Gray  :  There  is  one  point  Mr.  Burt  omitted  to 
mention,  and  that  is  that  special  precautions  were  taken  to  prevent  mercur}- 
vapour  being  carried  by  the  displaced  gas  into  the  charcoal  absorbtion 
bulb.  The  gas  before  entering  the  latter  passed  through  a  capillary  tube 
cooled  by  solid  carbon  dioxide  and  then  through  a  tube  tightly  packed  with 
fine  gold  wire,  so  that  any  mercury  vapour  escaping  condensation  in  the  cold 
tube  was  retained  bv  the  gold. 
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\Vc  have  repeatedly  found  that  when  P^Oj  is  used  as  a  desiccating  agent 
■the  hydrogen  cliloride  invariably  contains  traces  of  some  volatile  phosphorus 
compound,  which  can,  however,  be  condensed  out  by  passing  the  gas  through 
a  spiral  cooled  to  — 78^  C.  In  these  experiments  we  have  avoided  HjO;  and 
dried  our  gas  with  anhydrous  redistilled  aluminium  chloride,  which  has 
proved  verv  effective.  It  may  be  questioned  whether  AICI3  is  as  efficient 
in  removing  the  last  traces  of  moisture  from  HCl  as  P^Oj,  but  in  our  experi- 
ments the  gas  after  treatment  with  AICI3  was  submitted  to  a  rigorous  sublima- 
tion at  low  pressures,  and  we  believe  that  this  procedure  eliminated  any 
traces  of  water  vapour  which  might  possibly  have  escaped  absorbtion  by  the 
aluminium  chloride. 

Dr.  G.  Senter  said  that  the  results  for  the  adsorption  of  hydrogen 
chloride  by  glass,  that  the  amount  adsorbed  is  approximately  proportional 
to  the  pressure,  were  rather  remarkable,  as  (with  the  exception  of  hydrogen, 
which  follows  Henry's  law)  the  amount  adsorbed  generalh'  increases  less 
rapidly  than  the  pressure.  The  assumption  that  the  slow  removal  of  the  last 
traces  of  gas  was  due  to  adsorption  in  the  glass,  and  not  merely  on  the 
surface,  seemed  a  little  uncertain,  as  a  somewhat  similar  behaviour  would 
be  anticipated  for  ordinary  adsorption.  As  the  authors  point  out,  however, 
the  adsorption  is  so  small  that  it  scarcely  affects  their  results,  which  are 
obviously  of  a  very  high  degree  of  accuracy. 


A     PHYSICO-CHEMICAL     STUDY     OF     MERCURY-SODIUM 
ALLOYS    OR    SODIUM    AMALGAMS. 

By    ERNEST    VANSTONE    (B.Sc,    Wales),    1851     Exhibition    Research 
Scholar,  University  College  of  South  Wales  and   Monmouthshire. 

(A    Paper  read  before  the  Faraday  Society,  Tuesday,  March  14,  191 1,  Dr.  J.  A. 
Hakker,  F.R.S.,  ill  the  Chair.) 

Numerous  investigations  on  sodium  amalgams  have  already  been  carried 
out,  and  the  literature  on  this  subject  has  become  very  extensive.  The 
greater  part  of  this  refers  to  dilute  liquid  amalgams  containing  small  quanti- 
ties of  sodium.  Comparatively  little  work  has  been  done  on  the  solid 
amalgams.  An  excellent  resume  of  the  work  up  to  1904  is  given  in  Abegg's 
Handbuch  der  anorganischen  Chemie,  vol.  ii. 

From  all  the  investigations  the  conclusion  is  drawn  that  several  compounds 
of  sodium  and  mercury  exist.  The  number  and  composition  of  these  com- 
pounds, however,  are  not  known  with  certainty.  Below  is  given  a  list  of  the 
formulae  suggested  by  various  investigators. 


Author. 

Reference. 

Compounds  Fornned. 

Berthelot          

Guntz  and  Feiee        

Kerp  and  Bottger       

Maey      

Kurnakow        

Schiiller 

Ann.  Cliim.  Phys.,  5,  18,  442,  1879 
Comptes  reitdus,  131,  182,  1900 
Zeit.  anorg.  Chein.,  25,  i.  1901 
Zeit.j.  pliys.  Client.,  29,  119.  1899 
Zeii.  anorg.  Clicm.,  23,  434,  1900 

Zeit.  anorg.  Chem.,  40,  385,  1904 

NaHgs,  NaHgfi. 

NaHg4. 

XaHgs,  XaHgfi. 

XaH^s,  XaHg,.  XaHg,  XajHg. 

NaHg5orXaHg6,XaHg„  XaHg, 

Xa^Hg. 
NaHg4        XaHgo,        Xa.^Hgja, 

XaHg,       XasHg^,       XagHga. 

XajHg. 

The  need  of  further  investigation  is  obvious.  It  is  well  known  that  the 
ordinary  valencies  of  the  metals  are  not  exercised  in  metallic  compounds, 
and  no  satisfactory  explanation  of  the  nature  of  the  union  has  been  put  for- 
ward. It  was  thought  that  an  investigation  of  the  specific  volumes  might 
throw  light  on  this  problem. 

A  dissertation  has  recently  appeared  by  Bornemann  '•'  in  which  it  is  stated 
that  the  only  methods  for  fixing  with  certainty  the  composition  of  these 
metallic  compounds  are  those  commonly  employed  by  metallographers, 
namely — 

1.  The  investigation  of  the  thermal  diagram. 

2.  The  study  of  physical  properties  other  than  freezing-points. 

3.  The  preparation  and  examination  of  micrographs. 

All  three  methods  have  been  employed  in  the  present  work. 

•  Metallurgie,  1909. 
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Thk  Investigation'  ok  thk  Thermal  Diagram. 

Preparation  of  the  Alloys. — The  method  of  preparing  sodium  amalgams 
commonly  employed,  namely,  by  plunging  pieces  of  sodium  under  mercury, 
is  unsuitable  and  unnecessary. 

Kurnakow  melted  sodium  in  a  weighed  retort,  through  which  a  stream  of 
dry  hydrogen  was  passing.  A  sufficient  quantity  of  sodium  was  then  poured 
off  into  an  iron  cylinder  containing  a  little  molten  paraffin,  and  the  retort 
was  again  weighed.  The  requisite  quantities  of  mercury  were  then  added  to 
the  sodium. 

Schiiller  cut  up  the  sodium  under  anhydrous  ether  and  transferred  it  to  a 
weighed  crucible  containing  vaseline  oil.  Mercury  was  then  added  to  the 
molten  sodium. 

In  the  present  work  the  sodium  was  melted  in  a  current  of  dry  carbon 


dioxide  and  caused  to  flow  into  a  tube  which  had  been  previously  weighed, 
and  which  was  also  full  of  carbon  dioxide.  The  apparatus  is  shown  in  Fig.  i. 
A  stick  of  sodium  was  placed  in  A  and  the  tube  heated  with  a  Bunsen  burner 
until  the  sodium  melted  ;  on  slightly  diminishing  the  pressure  in  B  the  clean 
metal  entered,  leaving  a  shell  of  oxide  in  A.  When  cool  B  was  quickly 
stoppered  and  weighed.  The  stopper  was  then  replaced  by  another  of 
rubber,  trebly  bored.  Through  the  wide  central  hole  a  glass  tube,  closed  at 
its  lower  end,  was  passed. 

This  tube  contained  the  thermometer  and  also  served  as  a  stirrer,  the 
rubber  stopper  allowing  sufficient  freedom  of  movement. 

This  mode  of  stirring  was  found  necessary,  owing  to  the  fact  that  the 
amalgams  adhere  to  glass  and  render  it  opaque.     Through  the  other  holes 
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inlet  and  exit  tubes  for  carbon  dioxide  were  passed,  the  former  being  pro- 
vided with  a  stopcock,  the  latter  also  serving  for  the  introduction  of  mercury. 

This  was  added  from  a  small  burette,  which  was  weighed  before  and 
after.  In  preparing  amalgams  in  this  manner  the  sodium  must  be  fused  and 
the  mercury  added  at  first  in  small  quantities  ;  later  it  may  be  added  in  large 
quantities,  provided  the  alloy  is  kept  molten. 

(For  ordinarv  purposes  amalgams  of  all  concentrations  can  be  prep>ared 
as  follows :  The  badly  oxidised  surfaces  of  a  piece  of  sodium  are  removed 
and  the  sodium  then  dropped  into  ether  containing  traces  of  alcohol  ; 
ordinary  methylated  ether  diluted  with  a  large  quantity  of  light  petroleum 
answers  very  well.  In  a  fe\t  minutes  the  sodium  becomes  quite  bright  :  it  is 
removed  and  immersed  in  molten  paraffin  contained  in  a  crucible  or  test- 
tube,  heated  to  loo^  C,  and  the  requisite  quantity  of  mercury  then  added.) 


r.^.z 


SyCC, 


Zjo'C 


Determinaiion  oj  the  Freezing-points. — It  will  be  shown  later  that  the 
freezing-points  extend  over  a  very  wide  range  of  temperature,  namely,  from 
—  47°  C.  to  +  360°  C. 

The  heating  arrangement  for  temperatures  up  to  250-  C.  consisted  of  a 
very  large  boiling-tube  filled  with  olive  oil,  provided  with  a  stirrer,  and 
illuminated  from  behind  by  means  of  an  incandescent  burner.  For  tem- 
peratures between  250°  C.  and  360^  C.  the  tube  was  heated  in  a  bath  of 
fusible  alloy. 

For  temperatures  below  0°  C.  the  tube  was  placed  in  a  boiling-tube  con- 
taining light  petroleum,  £(nd  the  latter  cooled  in  a  vacuum  vessel  containing 
a  mixture  of  solid  carbon  dioxide  and  alcohol.  The  alloy  was  heated  until 
entirely  liquid,  then  allowed  to  cool  slowly,  meanwhile  being  vigorously 
stirred.  The  temperature  was  read  every  minute  or  half-minute.  In  nearly 
all  cases  superfusion  was  observed,  and  the  points  determined  are  the  maxi- 
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mum  temperatures  reached  after  over-cooling.  The  thermometers  used  were 
small  Anschiitz  normal  thermometers,  each  having  a  range  of  50°  C.  and 
graduated  in  fifths. 

Temperatures  below  0°  C.  were  determined  with  a  pentane  thermometer 
graduated  in  degrees.  These  thermometers  were  previously  standardised. 
Corrections  for  the  exposed  stem  were  obviated  as  far  as  possible,  as  these 
thermometers  passed  entirely  into  the  experimental  tube,  and  the  latter  was 
well  immersed  in  the  oil  bath.  At  the  highest  temperature  obtained  the 
correction  did  not  exceed  1°  C.  The  amalgam  concentrations  and  tempera- 
tures of  solidification  are  given  in  the  table  below.  Throughout  the  work, 
the  former  are  expressed  in  atoms  of  sodium  per  100  atoms  of  the  mixture. 

The  coohng  curves  of  some  of  the  alloys  showed  a  second  arrest.  This  is 
given  under  T^  in  the  table. 


No. 

Cone. 

T.. 

!  T2. 

i 

No. 

Cone. 

T,. 

Tc. 

No. 

Cone. 

Ti. 

T,. 

"C. 

1    °c. 

oC. 

oC 

°C. 

00. 

I 

100 

97-5 

1 

32 

59-2 

169-4 

63 

22-50 

267-2 

2 

99-86 

968 

33 

56-8 

189-6 

64 

20-7 

234-2 

3 

9952 

95-1 

34 

55-0 

202-4 

65 

1909 

200-4 

4 

9925 

93-8 

35 

53-1 

208-0 

66 

18-84 

182-4 

156-2 

5 

9906 

93-1 

36 

50-7 

214-7 

67 

18-34 

156-2 

6 

977 

86-1 

37 

50-71 

218-4 

212-2 

68 

180 

156-2 

7 

97-2 

830 

.38 

49-77 

217-7 

69 

17-6 

155-4 

8 

95-35 

76-2 

39 

49-16 

220*0 

70 

16-57 

154-9 

9 

9525 

74-5 

1 

40 

49-1 

219-6 

71 

15-4 

148-2 

10 

93-6 

678 

I 

41 

48-7 

220-6 

72 

142 

139-1 

II 

91-68 

58-5 

42 

48-4 

220-8 

73 

1249 

122-2 

12 

90-47 

51-4 

43 

47-4 

251-0 

222 

74 

11-49 

III! 

13 

867 

21-35 

44 

42-8 

291-6 

222 

75 

10-97 

1057 

14 

84-8 

27-2 

21-4 

45 

413 

305-5 

222 

76 

9-90 

910 

15 

834 

326 

21-4 

46 

4014 

323-8      '      222 

77 

903 

835 

16 

8i-8 

430 

34-9 

47 

40-1 

323-3             222 

78 

8-83 

759 

17 

79-67 

54-2 

34-4 

48 

39-7 

331-7 

79 

7-71 

629 

18 

79-24 

55-2 

34-4 

49 

39-5 

328-8 

80 

7-67 

54-6 

19 

76-74 

6o-o 

50 

38-5 

335-4 

81 

603 

33-5 

20 

76- 1 

614 

51 

35-88 

347-5 

82 

5-45 

27-6 

21 

75-0 

63-9 

52 

34-8 

351-0 

83 

518 

22-3 

22 

74-23 

64 -I 

53 

33-4 

353-6 

84 

5-04 

i8-8 

23 

73-91 

65-4 

54 

324 

352-4 

85 

4-12 

-  5-5 

-46-8. 

24 

71-6 

696 

65-8 

55 

31-8 

350-4      1 

86 

3-30 

-46-8 

25 

70-6 

69-8 

65-7 

56 

30-6 

347-2 

87 

2-76 

-46-8 

26 

69-0 

86-5 

65-6 

57 

30-26 

345-8 

88 

2-38 

-46-8 

27 

669 

102-0 

58 

2902 

340-5 

89 

1-77 

-42-8 

-46-8 

28 

643 

II5-I 

59 

28-10 

333-4 

90 

1-42 

-42-3 

-46-8 

29 

63-9 

1171 

60 

26-11 

3 '5-2 

91 

1-17 

-40-8 

30 

63-2 

120-9 

II6-7 

61 

24-03 

288-5 

92 

0 

-38-6 

31 

617 

I42I 

62 

2305 

274-0 

Discussion  of  the  Freezing-point  Diagram. 

The  concentration-temperature  diagram  obtained  by  plotting  the  above 
results  is  shown  in  fig.  2.  It  contains  nine  branches.  Starting  with  pure 
sodium  at  A,  addition  of  mercury  causes  a  lowering  of  the  freezing-point 
until  the  cutectic  point  B  is  reached.  This  occurs  at  a  concentration  of 
85-2  per  cent,  sodium,  the  eutectic  temperature  being  21-4°  C.  Further  addi- 
tion of  mercury  produces  an  elevation  of  freezing-point  due  to  the  formation 
of  the  compound  Na3Hg.  On  either  side  of  B  alloys  show  the  second 
freezing-point,  namely,  that  of  the  eutectic  2i'4°  C.  At  the  point  C,  concen- 
tration 83-4  per  cent,  sodium,  the  freezing-point  is  34-4"  C.  The  cooling 
curves  of  alloys  in  the  neighbourhood  of  C,  but  containing  larger  proportions 
of  mercury,  show  three  arrests,  the  first  being  above  34-4°  C,  the  second 
34-4'^  C,  and  the  third  21  "4^  C.  The  temperature  34-4^  C.  appears  to  be  that 
at  which  the  compound  Na3Hg  undergoes  a  polymorphic  change  with  evolu- 
tion of  heat.  The  initial  freezing-points  continue  to  rise  as  the  percentage  of 
mercury   increases,  reaching  the    maximum  temperature  of   353°   C.    at   a 
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concentration  of  33-3  per  cent,  sodium.  Five  new  phases  appear  in  the 
construction  of  this  portion  of  the  diagram.  These  are  probably  five 
different  compounds  of  sodium  and  mercury.  It  is,  however,  difficult  to 
decide  the  composition  of  these  compounds  with  certainty,  as  the  breaks  in 
the  diagram  do  not  occur  at  concentrations  which  allow  us  to  assign  simple 
formuhe  to  these  compounds,  except  in  the  case  of  NaHg,,  which  occurs  at 
a  concentration  of  33-3  per  cent,  sodium.  The  temperatures,  concentrations, 
and  probable  formulas  of  the  other  phases  are  given  in  the  table  below. 

The  results  obtained  by  Kurnakow  and  Schiiller  are  given  for  comparison. 
The  portion  of  the  diagram  to  the  left  of  the  maximum  point  is  simpler. 
The  freezing-points  now  fall  with  great  rapidity  as  the  mercury  concentra- 
tion increases.  Two  breaks  occur — the  first  at  a  concentration  of  18  per  cent, 
sodium  and  at  a  temperature  of  156°  C. — this  is  probably  the  compound 
NaHg^ ;  the  second  occurs  at  a  concentration  of  27  per  cent,  sodium,  and 
at  a  temperature  of  —  46-8°  C,  a  few  degrees  below  the  freezing-point  of  pure 
mercury  ;  this  is  the  eutectic  point  due  to  the  lowering  of  the  freezing-points 
of  mercur)'  by  the  addition  of  sodium. 


SCHULLER. 

KURXAKOW. 

Cone. 

Temp. 

Phase. 

Cone. 

Temp. 

Phase. 

Cone. 

Temp. 

Phase. 

OC. 

oC. 

OC. 

lOO'O 

975 

Sodium 

1000 

975 

Sodium 

loo-o 

9645 

Sodium 

85-2 

21-4 

Eutectic 

8V2 

21-4 

Eutectic 

85-05 

21-25 

Eutectic 

83-4 

34'4 

Transformation 
temperature 

84-1 

339 

Transformation 
temperature 

— 

717 

657 

NajHg 

71-8 

66-2 

NasHg 

.    719 

670 

N'asHg 

633 

118  5 

NajHg, 

61-9 

1230 

NajHg, 

— 

51-5 

212-2 

KaHg 

509 

2190 

NaHg 

50-6 

2097 

NaHg 

476 

221-6 

NayHgs  (?) 

48-1 

2270 

Na.^Hg.s  (?) 

47-6 

218-0 

— 

33-3 

353-5 

NaHg^ 

33-3 

3600 

NaHgj 

3326 

346-0 

XaHgj 

179 

156-2 

NaHg4 

l8-i 

1590 

NaHg4 

1795 

1550 

XaHgs  or  NaHge 

27 

-  468 

Eutectic 

2-8 

-482 

Eutectic 

— 

O'O 

-  38-6 

Mercury 

Q-O 

-38-6 

Mercury 

• — 

— 

— 

It  is  obvious  from  the  above  table  that  there  is  excellent  agreement' 
between  the  present  work  and  that  of  Schiiller.  The  temperatures  now- 
obtained  are  generally  intermediate  between  those  of  Kurnakow  and 
Schiiller.  The  former  used  mercury  thermometers  graduated  in  tenths 
for  temperatures  up  to  200°  C. ;  for  higher  temperatures  the  thermometers 
were  graduated  in  degrees.  The  latter  also  used  mercury  thermometers 
graduated  in  degrees  above  10°  C.  The  lower  temperatures  were  deter- 
mined with  an  alcohol  thermometer  or  with  a  thermo-element. 

Two  reasons  may  be  suggested  for  these  temperature  differences — (i)  the 
uncertainty  of  the  stem  correction  ;  (2)  the  effect  of  oxidation. 

It  has  alread}'  been  stated  how  these  were  obviated  in  the  present  work. 
The  effect  of  oxidation  is  to  shift  the  diagram  to  the  left,  e.g.,  a  break  has 
been  found  at  a  concentration  of  63-3  in  the  present  work,  whereas  that 
of  Schiiller  was  at  6i"9. 

In  the  course  of  the  work  on  the  specific  volumes  in  the  liquid  state 
described  in  the  subsequent  pages,  a  simple  method  of  preparing  sodium 
perfectly  free  from  oxide  w^s  found.  Consequently,  I  have  redetermined  the 
freezing-points  of  TiUoys  containing  from  100  per  cent,  sodium  to  48  per  cent, 
sodium,  over  which  concentrations  the  greater  number  of  changes  occur. 
The  sodium  was  drawn  up  into  a  pipette  at  a  temperature  of  130"  C,  using 
the  apparatus  in  Fig.  5.   The  pipette  was  removed,  quickly  wrapped  in  cotton 
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wool,  the  lower  end  dipped  beneath  the  surface  of  some  liquid  vaseline  con- 
tained in  the  experimental  tube,  and  the  sodium  allowed  to  run  out  of  the 
pipette  by  opening  the  stopcock.  The  sodium  thus  obtained  had  not  been 
in  contact  with  air  or  moisture  at  any  time,  and  presented  an  appearance 
similar  to  that  of  mercury.  The  presence  of  vaseline  prevented  adhesion  of 
the  metal  to  glass,  consequently  an  ordinary  stirrer  of  glass  rod  could  be  used. 
The  thermometer  also  could  be  placed  in  immediate  contact  with  the  alloy, 
and  removed  and  replaced  by  another  when  necessary.  The  alloys  were 
made  by  adding  mercury  to  the  molten  sodium  as  in  former  experiments. 
The  tube  containing  the  alloy  was  heated  in  a  large  beaker  of  castor  oil 
until  the  alloy  was  quite  molten.  It  was  then  allowed  to  cool  very  slowly. 
The  time  during  which  the  temperature  of  sohdification  remained  constant 
was  observed.  In  this  waj'  the  horizontal  and  vertical  lines  of  the  thermal 
diagram,  Fig.  3,  have  been  obtained. 


^'5  J. 


CoTvcentT-o.'Clon      =    AtbrnS     ef  No.   ^*^- 
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loo    "Uinnj  A/q 
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The  results  are  given  in  the  table  opposite. 

Fig.  3  is  the  thermal  diagram  obtained  by  plotting  these  results.  It  will 
be  noticed  that  the  eutectic  horizontal  at  2i'4^  C.  extends  nearly  to  the  axis 
of  temperatures  on  the  right  and  to  a  concentration  75  per  cent,  sodium 
on  the  left. 

The  horizontal  through  the  transformation  temperature  34*4^  C.  also 
extends  to  75  per  cent,  sodium  on  the  left. 

The  second  branch  of  the  diagram  has  a  maximum  at  75"2  per  cent,  sodium. 
These  three  facts  prove  conclusively  that  the  compound  XajHg  is  formed. 

The  intersection  of  the  second  and  third  branches  of  Fig.  3  at  the  point 
D  is  now  at  a  concentration  of  73*9  per  cent,  sodium.  In  the  previous 
diagram,  and  also  in  that  of  Schiillcr,  the  point  D  w-as  at  71  "9  per  cent.  At 
a  concentration  of  71 -4  per  cent.  Schiiller  states  that  the  compound  NagHg^ 
is  formed.     Fig.  3  shows  that  this  is  erroneous. 
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The  cooling  curves  of  alloys  containing  from  75  to  63  per  cent,  sodium 
show  as  many  as  three  and  four  arrests.  It  appears  that  these  solid  alloys 
undergo  polymorphic  changes  with  evolution  of  heat.  The  horizontal  through 
D  also  extends  beyond  62'5  per  cent.,  hence  the  formula  NajHg,  has  been 
assigned  to  the  compound  formed  between  D  and  E.  Alloys  along  the 
branch  EF  show  the  phenomenon  of  overcooling  to  a  marked  extent  at  the 
second  arrest,  namely,  in  the  neighbourhood  oi  E.  It  was  therefore  not 
possible  to  find  the  duration  of  the  transformation  temperature. 


Cone. 

Temp,  of  Solidification. 

I. 

II. 

III. 

IV. 

OC. 

OC. 

OC. 

°c. 

lOO'O 

97-6 

— 

95-06 

75-2 

21-4 

8999 

49-2 

21-4 

87-62 

35-6 

21-4 

87-03 

21-4 

^■'i 

31-8 

21-4 

83-26 

37-7 

21-4 

82-18 

34-4 

21-4 

80-20 

53-9 

34-4 

21-4 

77-49 

62-7 

34-4 

21-4 

75-55 

67-0 

64-8 

64-2 

74-88 

65-1 

63-0 

62-4 

72-65 

75-6 

65-5 

60-5 

52-0 

72-51 

77-6 

65-5 

60-5 

52-0 

70-57 

91-8 

65-5 

60-5 

52-0 

6673 

113-2 

65-5 

60-5 

52-0 

66-48 

113-6 

65-5 

60-2 

52-0 

63-04 

119-4 

65-2 

60-2 

52-0 

61-70 

134-2 

1 19-0 

65-2 

60-3 

60-05 

152-2 

iio-o 

56-54 

i88-8 

106-0 

54-26 

203-8 

— 

52-58 

210-4 

— 

« 

50-52 

214-7 

212-8 

49-89 

217-1 

210-8 

49-27 

219-2 

207-4 

4^1? 

221-4 

212-4 

47-88 

222-1 

— 

47-26 

234-6 

222-1 

The  point  F  is  at  a  concentration  51  per  cent,  sodium,  and  the  formula 
NaHg  has  been  assigned  to  the  compound  produced  along  EF. 

The  next  branch  FG  is  very  short ;  G  is  at  a  concentration  47-5  per  cent, 
sodium.  In  Schiiller's  diagram  G  is  at  48  per  cent,  sodium  and  the  formula 
Na.jHg,,  is  given  ;  but  this  must  be  erroneous,  as  the  transformation  tem- 
perature 222-1°  C.  was  constant  for  five  minutes  when  the  concentration  was 
47-26  per  cent,  sodium  and  four  minutes  when  the  concentration  was  47-88. 
Schiiller  gives  the  temperature  227°  C.  The  formula  Na^Hgg  is  now  suggested. 
This  requires  the  summit  of  the  curve  FG  to  be  at  a  concentration  of  46-66 
per  cent,  sodium. 

In  the  table  below  the  temperatures  and  concentrations  at  which  the 
breaks  occur  are  compared  with  those  first  obtained. 
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I. 

II. 

Concentration. 

Temperature. 

Concentration. 

Temperature. 

lOO 
85-2 

83-4 
717 

63-3 

SI'S 
47'5 

oC. 

97"5 

21-4 

34'4 

6.S7 

118-5 

2I2"2 
221'6 

100 

85-2 
837 
73'5 
62-5 
51-0 
47-6 

"C. 
976 
21-4 

34*4 
65-5 

I20'0 
2127 
222'0 

The  agreement  is  good,  especially  the  temperatures  at  which  the  changes 
of  phase  occur. 

It  may  be  conchided  that  six  compounds  of  mercury  and  sodium  are 
formed,  to  which  the  following  formulae  may  be  assigned — 

XajHg,  NajHg.,  NaHg,  Xa.Hgg,  NaHg,,  XaHg,. 


The  Determix.\tiox  of  the  Specific  Volumes  of  Mercury-Sodium 

Alloys. 

I.  Liquid  Alloys. — The  high  melting-points  of  the  metals  have  hitherto 
prevented  many  density  determinations  in  the  liquid  state.  The  alkali 
metals,  however,  have  low  melting-points  and  are  therefore  suitable  for  this 
purpose.  Density  determinations  of  sodium  amalgams  were  undertaken  for 
two  reasons — (i)  to  find  whether  any  evidence  could  be  obtained  of  the 
existence  of  metallic  compounds  in  the  liquid  state  ;  (2)  if  such  were  the 
case,  to  find  whether  any  relation  could  be  traced  between  volume  and 
valenc)'. 

The  determination  of  the  density  of  liquid  sodium  appeared  at  first  to  be  a 
task  of  great  difficulty,  owing  to  the  adhesion  of  the  metal  to  glass  and  the 
rapidity  with  which  it  oxidises. 

All  attempts  to  fill  dilatometers  by  pouring  in  the  sodium  were  unsuccess- 
ful ;  it  was  found,  however,  that  the  sodium  could  be  readily  drawn  up  into 
pipettes,  and  this  was  the  method  adopted.  A  pipette  as  in  Fig.  4  was  made 
and  its  capacity  determined  by  weighing  with  mercury.  The  pure  sodium 
was  obtained  as  described  in  the  first  part  of  the  paper  and  kept  under 
paraffin,  thus  entirely  preventing  oxidation. 

The  method  of  filling  the  pipette  can  be  seen  from  Fig.  5. 

The  tube  A  containing  the  sodium  was  heated  in  a  vapour  jacket  B. 

The  pipette  was  placed  within  the  tube  A  and  was  connected  to  a  carbon 
dioxide  apparatus  and  a  small  hand  suction-pump  as  shown.  When  the 
temperature  was  steady  the  carbon  dioxide  was  turned  off  and  the  metal 
drawn  up  into  the  pipette  by  pulling  out  the  piston  of  the  hand  pump. 
When  the  metal  had  reached  the  mark  on  the  pipette  the  stopcock  was 
turned  off,  the  pipette  removed,  cleaned,  and  weighed.  The  amalgams  were 
made  by  adding  mercury  to  the  fused  sodium  in  A.  Sodium  has  been  heated 
to  100^  C,  184°  C,  and  237^  C.  and  the  mercury  then  added,  amalgamation 
taking  place  quietly.  The  densities  of  the  amalgams  were  determined  in  the 
same  manner. 

Vol.  VIL    Parts  i  .vxd  2.  T4 
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A  quantity  of  sodium  sufficient  for  two  or  three  determinations  at  the 
same  concentration  was  weighed  out  in  the  tube  A.  The  tube  was  then 
cleaned,  an  alloy  of  different  concentration  made,  and  its  specific  volume 
determined. 

A  new  pipette  was  made  and  calibrated  for  each  determination,  a  correc- 
tion being  applied  for  the  expansion  of  the  glass.  Determinations  were  made 
at  temperatures  close  to  the  melting-points  of  these  alloys.  It  was  thought 
that  by  so  doing  greater  changes  in  volume  would  be  observed.  The  specific 
volumes  of  those  alloys  melting  below  237^  C.  have  been  determined.     Alloys 
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of  concentrations  varying  from  100  per  cent,  to  66  per  cent,  sodium  were 
determined  at  110°  C,  using  toluene  in  the  vapour  jacket. 

Alloys  from  66  per  cent,  to  59  per  cent,  and  15  to  o  per  cent,  were 
determined  at  184°  C,  using  aniline  in  the  vapour  jacket. 

A  few  concentrations  varying  from  58  to  47  per  cent,  have  been  deter- 
mined at  237°  C,  using  quiyoiine  in  the  vapour  jacket.  The  results  are  given 
in  the  table  below.  In  the  first  column  are  given  the  concentrations  expressed 
in  atoms  of  sodium  per  100  of  mixture. 

Column  2  contains  the  observed  specific  volumes. 
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Column  3  contains  the  specific  volumes  calculated  from  the  foinnila — 


V  = 


w.  +  w,    ' 


where — 


«',  =  number  of  grams  of  sodium, 
'ji\  =  number  of  grams  of  mercury, 
i\  ^  specific  volume  of  sodium, 
J',  =  specific  volume  of  mercury. 

Column  4  contains  the  difference  between  the  observed  and  calculated 
specific  volumes.  The  values  in  this  column  may  be  termed  specific 
contractions. 

Column  5  contains  the  percentage  contractions. 

Specific  Volumes  at  iio"  C. 


, ..  Specific  Volumes 

Concentration.     |      *^(Observed). 


"  >dium  Per  Cent. 
100 


96956 


95634 


92-5«8 


<)OI24 


87-217 


85-863 


I  "0829 \ 

1-0786 

1-0770 1_ 
I -080 1 

1-0778 

I  0800, 


Specific  Volumes 
(Calculated). 


1*0794    Mean 
•85216) 

•85273  s       ■ 

•85245  Mean 


77738  I 
77923  \ 
77923  ) 


•77863  Mean 

•63673  ) 

-63692  > 

-63462  ) 

•63609  Mean 

•55944  I 
•55980  ) 

•55962  Mean 

•48543  ) 

•48123  \ 

-48291  ) 

•48319  Mean 

'45355  . 

•45390  s 

•45372  Mean 

•86404 


•79432 


•66774 


■58997 


•51733 


•48873 


Contraction. 


•01 159 


•01569 


•03165 


•03035 


•03414 


•03501 


Percentage 
Contraction. 


^•34i4 


1^9753 


4"7399 


5"  1 443 


6-5993 


7^1635 
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Concentration. 

Specific  Volumes 
(Observed.) 

Specific  Volumes 
(Calculated.) 

Contraction. 

Percentage 
Contraction. 

Sodium  Per  Cent. 
84*500 

-42553  \ 
-42527  ) 

-46273 

-03733 

8^0674 

•42540  Mean 

83-477 

-40559  i. 
-40563  ) 

•40561  Mean 

"44-179 

•03918 

8^8o86 

82-861 

•39499  l 
•39538  ] 

'43458 

•03940 

9^0662 

•39518  Mean 

8r966 

-38145  1 
-38151} 

•42047 

•03899 

9-2729 

•38148  Mean 

80-262 

•35490  1 
•35490  ) 

•35490  Mean 

■39567 

-04077 

1 0^304 

77-605 

•32018  1 
•32026  J 

•32022  Mean 

•36183 

•O4161 

11-500 

75-286 

•29389  } 
•29378  \ 

•29383  Mean 

•33619 

•04236 

1 2 '600 

73-293 

-27465  I 
•27520  s 

•27492  Mean 

•31656 

•04154 

13^154 

70-722 

-25068  ) 
-25050  ) 

•29394 

•04335 

1 4^748 

•25059  Mean 

69-102 

-23838  ) 

•23834  s 

•23836  Mean 

•28102 

•04266 

15-180 

68-736 

-23594  l 
•23610  )       • 

•23602  Mean 

•27826 

•04244 

15- 1 80 

66-627 
66064 

•22254 
•21764 

-26305 
•25924 

•• 

•04051 
•04160 

15-400 
16-047 
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Concentration. 

Specilic  Volumes 
(Observed). 

Specific  Volumes 
(Calculated). 

Contraction. 

Percentage 
Contraction. 

Sodium 

1-1043  ) 
I -1036  ) 

— 

— 

— 

1-1040    Mean 

66627 

•22702 

-26859 

-04157 

15-477 

63-992 

•21016 

-25108 

-04092 

16-260 

62968 

•^0347  I 
-20360  s 

•24477 

-04124 

16-849 

•20353  Mean 

61-483 

-19625 

-23604 

-03979 

16-858 

59'254 

-18453 

•22386 

•03933 

17-569 

12-048 

-08488 

-09204 

-00716 

7-779 

8-157 

-08220 

-08647 

-00427 

4^926 

4-7907 

-07971 

•08197 

-00226 

2-7642 

2-2855 

-07772 

-07879 

-00107 

1-3631 

Specific  Volumes  at  237°  C. 


Concentration. 

Specific  Volumes 
(Observed). 

Specific  Volumes 
(Calculated.) 

Contraction. 

Percentage 
Contraction. 

58-234 

•18165 

-22212 

•04047 

18^220 

57-586 

17993 

•21881 

•03886 

17-760 

54-710 

-16853 

-20506 

•03653 

17-814 

50924 

•15396 

•18892 

■03495 

18-500 

50-040 

-15317 

•18541 

■03224 

17^388 

49-380 

■14861 

•18288 

■03427 

18-739 

48249 

•14644 

•17865 

■03221 

18-030 

19-985 

-0945  i 

•IO61I 

•01160 

10-931 

19-087 

-09274 

■10455 

•OI161 

11-105 

17-273 

-09139 

•10139 

•01000 

9-862 

Sodium  100 

1-1247 

— 

— 

In  Fig.  6  the  specific  volumes  determined  at  iio°  C.  have  been  plotted 
against  concentrations.  The  curve  obtained  is  smooth,  whereas  the  corre- 
sponding portion  of  the  freezing-point  diagram  possesses  two  discontinuities 
at  concentrations  of  85  and  74  per  cent,  respectively. 

Although  the  study  of  the  freezing-points  has  led  to  the  construction  of 
a  highly  complex  thermal  diagram  showing  marked  discontinuities,  it  does 
not  necessarily  follow  that  all  other  physical  properties  should  show  similar 
discontinuities.  The  transition  from  the  eutcctic  at  a  concentration  of 
85  per  cent,  to  the  compound  XajHg  at  75  per  cent,  is  a  gradual  process  ;  a 
very  small  proportion  of  the  compound  being  first  formed  with  corresponding 
diminution  in  the  proportion  of  the  eutectic  mixture,  hence  we  may  expect 
iiradual  changes  in  the  specific  volume  of  alloys  in  this  neighbourhood,  and 
i^o  throughout  the  whole  series  of  alloys. 

It  is  difficult  to  decide  which  of  the  two  following  conclusions  is  the 
correct  one. 
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1.  Are   the  compounds  XajHg  and    NajHg;   entirely  dissociated  in   the 
liquid  state  at  iio°  C.  ? 

2.  Is  the  volume  change  too  small  to  indicate  the  existence  of  compounds  ? 
It  will  be  shown  later  that  the  specific  volumes  of  the  solid  alloys  also  lie 

on  a  smooth  curve,  and  as  compounds  have  been  proved  to  exist  in  the  solid 
state,  the  second  conclusion  appears  to  be  the  correct  one. 

Additional  evidence  in  support  of  this  is  obtained  by  plotting  percentage 
contractions  against  concentrations.    Fig.  7  shows  the  results  at  110°  C.     The 
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diagram  consists  of  two  straight  lines  intersecting  at  a  concentration  of 
74  per  cent.  The  gradual  increase  in  the  percentage  contraction  is  obvious. 
It  must  be  pointed  out,  however,  that  the  error  of  experiment  is  multiplied  in 
calculating  percentage  contractions  since  the  difference  between  the  observed 
and  calculated  values  of  the  specific  volume  multiplied  by  100  is  involved,  or 

percentage  contraction  C;=(^^^^^^)  100,  where  i^^  =  calculated  specific  volume 

and  Vi  =  observed  specific  volume.  The  deviations  from  the  straight  line 
at  iio^'C.  are,  however,  obviously  greater  than  experimental  error.  No 
abnormal  contraction  is  observed  at  85  per  cent.,  where  the  eutectic  begins 
to  change  into  the  compound  NajHg. 
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Fig.  S  is  the  diagram  of  specific  volumes  for  temperatures  184°  C.  and 
237°  C.  Again  a  smooth  curve  has  been  obtained.  Those  points  determined 
at  184°  C.  are  indicated  by  means  of  a  circle.  The  percentage  contractions 
at  184°  C.  again  lie  on  a  straight  line  with  the  exception  of  that  at  63  per  cent. 
(Fig.  9).  At  this  concentration  the  compound  NajHg,  begins  to  change 
into  XaHg. 

The  contractions  at  237 '  C.  do  not  lie  on  a  regular  line,  and  peaks  occur  at 
51  and  49  per  cent.  Although  Fig.  9  does  not  furnish  trustworthy  evidence 
as  to  the  existence  of  compounds  in  liquid  mercurv-sodium  alloys  at  237'^  C. 
owing  to  the  greater  errors  of  experiment,  yet  it  serves  to  show  the  maximum 


'3V- 


contraction  in  this  neighbourhood.  This  is  of  interest  in  connection  with 
the  corresponding  small  branch  in  the  thermal  diagram. 

Quite  recently  Bornemann  and  Muller,*  in  a  research  on  the  electrical 
conductivities  of  liquid  mercury-sodium  alloys  at  high  temperatures,  obtained 
strong  evidence  of  the  e.xistence  of  the  compound  NaHg,  in  the  liquid  state 
in  a  highly  undissociated  condition  ;  no  evidence  of  the  existence  of  other 
compounds  was  obtained. 

Alloys  having  the  composition  indicated  by  NaHg,  melt  at  353^0. 
Consequently  (on  account  of  the  obviously  great  difficulties),  the  specific 
volumes  in  this  neighbourhood  have  not  been  determined. 

•  Mctalliirgic,  7,  1910. 
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Before  leaving  the  question  of  liquid  alloys,  it  must  be  pointed  out  how 
the  present  work  throws  light  on  the  work  of  other  investigators. 
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Ramsay,  -  from  observations  of  the  lowering  of  the  vapour  pressure  of 
mercury  by  dissolved  sodium,  found  that  the  molecular  weight  of  sodium 
*  Traiis.Chcm.  Soc,  1889,  521. 
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when  dissolved  in  mercury  falls  with  increasing  proportion,  and  suggested 
that  this  might  he  due  to  the  formation  of  a  stable  alloy  of  sodium  and 
mercury,  which  acts  as  a  solvent. 

Tliis  explanation  is  undoubtedly  the  correct  one,  as  amalgams  having  the 
concentrations  of  those  under  investigation  consisted  of  mixtures  of  eutectic 
and  the  compound  NaHgj.  Guntz  and  Feree  '^'-  succeeded  in  isolating  this 
compound.  In  the  course  of  the  work  I  have  found  that  when  mcrcurv  is 
added  to  an  alloy  of  the  composition  denoted  by  NaHg,,  which  melts  at  353°  C, 
this  alloy  dissolves  at  a  much  lower  temperature. 

Hevcock  and  Neville, f  in  discussing  the  causes  of  change  in  the  atomic 
depression  of  the  freezing-point  when  various  metals  were  dissolved  in  tin, 
state  :  "  No  increase  in  the  volume  of  the  solvent  is  assumed,  so  the  osmotic 
pressure  is  by  Boyle's  law  directly  proportional  to  the  amount  of  the  dis- 
solved body.  This  is  an  improbable  assumption.  The  determination  of  the 
densities  of  liquid  alloys  would  probably  throw  light  on  this  question." 

It  has  already  been  stated  that  large  contractions  occur  and  that  contraction 
increases  with  concentration  up  to  a  certain  point  and  then  diminishes.  Con- 
traction would  lead  to  an  increased  osmotic  pressure  and  hence  to  a  higher 
atomiclowering  of  the  freezing-point  than  that  calculated  from  the  van't  Hoff 
formula.  This  is  precisely  what  occurs.  The  theoretical  atomic  fall  is 
approximately  3°  C.  Heycock  and  Neville  found  that  for  mercury  in  sodium 
the  atomic  depression  was  4'5°C. 

The  Specific  Volume  of  Liquid  Sodium. 

In  the  course  of  the  work  the  specific  volumes  of  liquid  sodium  have  been 
determined  at  three  different  temperatures,  namely,  1 10°  C,  184°  C,  and  237°  C. 
The  values  obtained  are  given  below  : — 


Temp. 

Specific  Volume. 

Atomic  Volume. 

IIO 

184 

237 

1-0794 
1-1040 
I-I247 

24-826 

25*392 
25-868 

The  specific  volumes  have  been  plotted  against  temperature  in  Fig.  10;  the 
three  points  are  seen  to  lie  on  a  straight  line,  so  that  the  rtlation  between 
volume  and  temperature  from  iio°C.  to  237°  C.  is  linear. 

Vicentini  and  Omodei  ;[  obtained  the  value  1-0767  at  98-'  C. 

Ramsay  §  obtained  1-349  as  the  specific  volume  at  the  boiling-point. 

The  Mkasureme.nt  of  the  Specific  Volumes  of  Solid 
Mercury-Sodiu.m  Alloys. 

Maey,  in  1899,  determined  the  specific  volumes  of  mercury-sodium  alloys 
at  room  temperature.  The  concentrations  of  the  amalgams  varied  from  o  to 
80  per  cent,  .sodium.  His  method  of  applying  the  results  to  determine  the 
composition   of    the  various   compounds   involves   the   assumption  that  no 

*  Loc.  cit. 

t  Trans.  Chcin.  Soc,  61,  890,  1892. 
J  Landolt-Bornstein  Tabcllen,  p.  1056. 
§  Trans.  Cluni.  Soc,  39,  49,  1881. 
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appreciable  contraction  occurs  on  mixing  sodium  and  mcrcurj-.  Tliis 
assumption  is  untenable,  as  it  has  been  shown  above  that  large  contractions 
occur.  The  densities  of  a  complete  scries  of  solid  amalgams  have  been 
determined  by  a  method  similar  to  that  employed  b\'  Maey,  namely,  by 
weighing  the  alloy  suspended  in  petroleum.  The  amalgams  were  made  as 
follows  :  A  piece  of  sodium  was  cut  up  under  a  mixture  of  light  petroleum 
and  ether  ;  it  was  removed  to  a  beaker  containing  liquid  paraffin,  which  had 
been  previously  weighed.  The  beaker  was  again  weighed  and  the  weight  of 
the  sodium  obtained.    It  was  then  heated  until  the  sodium  fused,  the  requisite 


Specific  Volumes  in  the  Solid  State.     Temperature  17°  C. 


Concentration. 

Specific  Volume 
(Observed). 

Specific  Volume 
(Cnlculated). 

Contraction. 
•00915 

Percentage 
Contraction. 

98-13 

•88896 

•8981 1 

I -0188 

96-81 

•80957 

•82144 

•01 187 

1-4450 

91-82 

•58285 

•61592 

-03307 

5-3692 

85-82 

•42871 

•46791 

-03920 

93347 

84-63 

•40541 

•44715 

-04174 

10-360 

83-26 

-38030 

•42425 

•04395 

10-420 

82-81 

•37375 

•41714 

-04339 

1 0*990 

81-76 

•35742 

•40155 

•04413 

^1-957 

7836 

•31435 

•35704 

-04269 

15-406 

74-34 

-26615 

•31462 

•04847 

16-422 

72-26 

-24734 

•29594 

•04860 

15-995 

6809 

•22153 

•26371 

-04218 

15-969 

65-19 

•20554 

•24460 

-03906 

16-219 

64-00 

-19893 

•23744 

-03851 

18-774 

59-53 

•17637 

•21329 

•03692 

18-542 

55-94 

-16018 

•19664 

-03646 

17  •641 

55-19 

•15769 

•19342 

-03573 

I9^2i6 

53-59 

•15092 

•18682 

-03590 

I9^7i4 

50-37 

•13993 

•17419 

-03426 

19-438 

48-17 

•I3416 

•16653 

-03237 

21231 

4692 

•12822 

•16278 

•03456 

20-708 

43-85 

-I2154 

•15328 

-03174 

19-41 1 

38-46 

•I  1 160 

•13848 

-02688 

19-048 

37-00 

-IO914 

•13482 

•02568 

18-558 

32-92 

-10208 

•12534 

-02326 

15-836 

29-93 

-IOOI3 

•I  1897 

•01884 

i3^683 

26-79 

-09734 

•II277 

-01543 

12-014 

22-92 

•09301 

•I0571 

-01270 

7-3995 

19-44 

•09248 

•09987 

•00739 

6-1819 

16-77 

-08954 

•09544 

•00500 

9043 

IOC 

1-0342 

quantity  of  mercury  added,  the  amalgam  allowed  to  solidify,  and  the  paratiiii 
removed  by  washing  with  light  petroleum. 

The  alloy  was  then  weighed  in  a  beaker  containing  paraffin,  and  again 
weighed  when  suspended  in  paraffin  by  means  of  a  hair.  All  the  data  for 
the  density  determinations  were  thus  obtained.     The  results  are  given  above. 

There  is  close  agreement  between  the  present  values  and  those  obtained 
b}-  Maey. 

The  specific  volume-concentration  curve  is  smooth  (Fig.  11),  as  in  the 
case  of  the  liquid  alloys.     The  percentage  contractions  have  also  been  plotted 
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against  concentrations.  A  discontinuous  curve  is  obtained  (Fig.  12)  similar 
to  the  freezing-point  diagram  ;  the  breaks  in  this  curve  occur  at  concentra- 
tions agreeing  approximately  with  those  in  that  diagram.  What  has  already 
been  said  concerning  liquid  alloys  applies  here  also. 
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It  will  again  be  observed  that  the  maximum  contraction  occurs  at  a  con- 
centration of  48  per  cent,  sodium. 

The  compound  XaHgj  does  not  appear  to  be  formed  with  very  great 
contraction. 

The  MoLiicuL.AR  Volumes  of  Compounds  of  Mercury  axd  Sodium. 

From  the  specific  volumes  of  the  solid  amalgams  we  can  calculate  the 
molecular  volumes  of  the  various  compounds.     These  are  given  in  the  table, 
below,  in  which  v  denotes  the  specitic  volume,  M  the  molecular  weight,  and 
V  the  molecular  volume. 

In  the  fifth  column  are  given  the  ratio  molecular  volume/sum  of  valencies 
or  valency  volume.  Sodium  has  been  taken  as  monovalent  and  mercury 
divalent. 


I.           1      11. 

III. 

IV. 

V. 

VI. 

VII. 

Compound. 

V. 

"-75 

M.     • 

V. 

v/w. 

V  calculated. 

V— V. 

NajHg 

269 

73 '97 

14-70 

86-12 

12-14 

NajHo-, 

■177 

469 

83-01 

11-86 

100-87 

17-86 

NaHg 

■139 

223 

30'99 

10-33 

38-54 

7"54 

Na^Hc, 

•126 

1,761 

221-88 

9-64 

284-57 

6269 

NaHg 

•102 

423 

43'i4 

8-63 

§3'3o 

20-l6 

NaHg, 

•oyo 

.     823. 

74-07 

8-23 

82-82 

8-75 

The-  atomic  volume  of  sodium  in  the  solid  state   at  room  temperature 
18"  C.  is  23-786,  that  of  mercury  14-759. 
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The  molecular  volumes  have  been  calculated,  aud  are  given  above  in 
column  VI,  In  the  seventh  column  are  given  the  differences  between  the 
observed  and  calculated  molecular  volumes.  These  are  the  molecular 
contractions. 

Xo  relation  can  be  traced  between  valency  and  volume,  the  ratio  V/W 
graduallv  diminishing  as  we  pass  to  compounds  relatively  richer  in  mercury. 
This  is  prcciselv  the  manner  in  which  the  ratio  changes  when  calculated  for 
organic  halogen  compounds  or  inorganic  compounds.  The  ratio  always 
increases  as  the  proportion  of  the  element  of  larger  atomic  volume  increases, 
or  if  an  element  be  replaced  bv  another  of  larger  atomic  volume.  This  is 
shown  in  the  following  tables  : — 


Compound. 

v,w. 

Compound. 

v/w. 

CH,C1, 

8-14 

PCI3 

11-66 

CHCI3 

10 -^6 

PCI5 

i2-8q 

CCl, 

1 2 '96 

QHe 

8-53 

NaClO, 

4-65 

C6H5F 

903 

KCIO, 

5-49 

C6H5CI 

10-30 

RbClO, 

613 

QHjBr 

1078 

CsClO, 

7-00 

QH5I 

11-69 

The  Microscopic  Investigatiox  ok  Mercury-sodium  Alloys. 


The  peculiar  nature  of  the  alloys  under  investigation — their  low  melting- 
points,  their  low  degree  of  hardness,  and  the  extreme  rapidity  with  which 
they  undergo  o.xidation — has  hitherto  prevented  ain^  microscopic  work. 

By  forming  the  alloys  in  a  vessel  the  base  of  which  is  a  microscope  cover 
glass,  it  has  been  found  possible  to  observe  the  various  changes  in  crystalline 
structure  and  to  prepare  photo-micrographs.  The  alloys  were  first  made  in 
small  beakers.  A  vessel  was  then  made  by  cementing  a  small  glass  cylinder 
to  a  microscope  cover  glass.  A  small  quantity  of  vaseline  was  then  placed  in 
the  vessel  and  the  molten  allov  poured  into  it.  It  was  allowed  to  cool  slowly, 
the  vaseline  solidified  on  the  surface  thus  preventing  oxidation,  and  also 
permitting  the  vessel  to  be  turned  into  any  position. 

The  crystalline  structure  of  the  alloy  could  be  plainly  seen  on  looking  at 
the  base  of  the  vessel,  the  alloy  having  crystallised  on  the  microscope  cover. 
Photographs  were  taken  and  are  reproduced  here.  No  method  of  polishing 
or  of  etching  the  specimens  was  possible. 

No.  I.  Concentration  85  per  cent,  sodium.  This  consists  almost  entirely 
of  the  eutectic  mixture.     The  crystals  are  hexagonal  plates. 

No.  2.  Concentration  75  per  cent,  sodium.  The  crN'stals  are  mainly  those 
of  the  compound  NajHg.  They  are  large  plates  with  the  edges  turned 
towards  the  microscope  cover  glass. 

Xo.  3.  Concentration  65  per  cent,  sodium.  The  crystals  consist  mainly  of 
the  compound  XajHg,. 

Xo.  4.  Concentration  55  per  cent,  sodium.  Prismatic  crystals  of  the 
compound  XaHg. 

Xo.  5.  Concentration  49  per  cent,  sodium.  A  photo-micrograph  of  a  small 
portion  of  the  alloy,  as  seen  through  the  bottom  of  a  small  thin  glass  beaker 
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in  which  the  alloy  was  made,  has  been  taken.  Attempts  to  prepare  a  specimen 
in  the  same  manner  as  the  others  always  produced  a  surface  covered  with 
air  bubbles.  The  crystals  consisted  of  flat  plates  of  the  compound  formed  in 
the  small  branch  of  the  thermal  diagram.  The  composition  of  the  compound 
is  uncertain  ;  Na^Hgg  has  been  suggested. 

No.  6.  Concentration  25  per  cent,  sodium.  This  alloy  has  a  high  melting- 
point  and  onl\-  oxidises  slowly.  It  was  made  in  a  small  glass  beaker,  the 
alloy  removed,  quickly  polished  with  cotton  wool,  and  the  photograph  taken. 
The  crystals  are  those  of  the  compound  XaHg,. 

No.  7.  Concentration  15  per  cent,  sodium.  The  crystals  are  long  prisms 
of  the  compound  NaHg^. 

Summary  and  Conxlusiox. 

The  methods  of  preparing  the  amalgams  described  m  the  present  work 
should  lead  to  their  wider  application  in  chemical  operations,  particularly  to 
reduction  processes  in  organic  chemistry.  Amalgams  containing  large  quan- 
tities of  sodium  should  be  really  more  conveniertt  than  sodium  itself,  on 
account  of  their  greater  density,  which  would  enable  them  to  remain  at  the 
bottom  of  the  vessel. 

An  alloy  containing  85  per  cent,  sodium  is  liquid  at  2i'4°  C,  and  should 
be  especially  useful. 

Further  experiments  are  in  progress  on  the  electrical  conductivities  of  the 
solid  mercury- sodium  alloys. 

1.  The  investigation  of  the  freezing-points  of  sodium  amalgams  has  con- 
firmed to  a  large  extent  the  work  of  Schiiller.  There  are,  however,  differences 
both  in  temperatures  and  concentrations  at  which  the  breaks  in  the  thermal 
diagram  occur.  Six  compounds  are  shown  to  be  formed  having  compositions 
indicated  by  the  following  formulae  : — 

Na3Hg,  Na3Hg„  NaHg,  Na.Hgs  ?,  NaHg,,  NaHg,. 

2.  The  specific  volumes  of  the  amalgams  in  the  liquid  state  have  been 
determined.  Specific  volume-concentration  curves  are  smooth  and  do  not 
give  evidence  of  the  existence  of  compounds  in  the  liquid  state. 

3.  The  effect  of  mixing  sodium  and  mercury  is  to  produce  a  contraction 
in  volume  which  increases  until  the  proportion  of  sodium  reaches  a  concen- 
tration of  48  per  cent. ;  the  contraction  is  a  maximum  at  this  point  and 
diminishes  steadily  as  the  mercury  concentration  increases.  Contraction- 
concentration  curves  are  given.  These  show  discontinuities  similar  to  those 
in  the  freezing-point  diagram. 

4.  The  specific  volumes  of  liquid  sodium  at  temperatures  of  110°  C, 
184°  C,  and  237°  C,  have  been  determined.  The  relation  between  volume 
and  temperature  over  this  range  is  approximately  linear. 

5.  The  specific  volumes  of  solid  amalgams  have  also  been  determined  at 
room  temperature.  A  smooth  curve  is  obtained  when  specific  volumes  are 
plotted  against  concentrations.  A  discontinuous  curve  resembling  the 
freezing-point  diagram  is  obtained  when  percentage  contractions  are  plotted 
against  concentrations.  • 

6.  Simple  methods  of  preparing  sodium  amalgams  are  described. 

7.  The  crystalline  structure  of  the  various  amalgams  lias  been  studied 
under  the  microscope.  Photo-micrographs  have  been  obtained.  The  results 
confirm  the  freezing-point  investigation. 
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S.  Xo  relation  can  be  traced  between  molecular  volumes  of  mercury- 
sodium  compounds  and  valency. 

In  conclusion,  I  wish  to  thank  Sir  William  Ramsay  for  the  great  interest 
he  has  taken  in  the  work  and  for  his  constant  advice,  also  Dr.  Desch,  of  the 
University  of  Glasgow,  for  many  valuable  suggestions,  and  Assistant  Professor 
A.  \V.  Porter  for  much  help  in  the  photographic  portion  of  the  work. 

Chi:mic.\l  Labor.^tory,  University  College, 
uxiversity  ok  loxdox,  w.c. 

DISCUSSION. 

The  Chairman  congratulated  the  author  on  his  excellent  photomicro- 
graphs :  they  were  such  as  one  would  expect  to  see  at  the  Institute  of  Metals 
instead  of  from  such  a  difficult  subject  to  manipulate  as  sodium  amalgam. 

Mr.  Vanstone  :  What  was  the  magnification  employed  ? 

The  actual  magnification  was  not  observed,  but  was  probably  about  50 
diameters. 


ON  SURFACE  EFFECTS  BETWEEN  MERCURY  AND 
CERTAIN  SOLUTIONS  AND  AN  ELECTROCHEMICAL 
METHOD   OF    ESTIMATING    DISSOLVED   ONYGEN. 

By  S.  \V.  J.    SMITH,  M.A.,    D.Sc,  and    \V.  F.    HIGGINS,    B.Sc,    of    the 
Imperial  College  of  Science. 

(.4  Paper  read  before  the  Faraday  Society,  Tuesday,  March  14,  ign, 
Dr.  J.  A.  Barker,  F.R.sJ  in  the  Chair.) 

1.  Some  years  ago  it  was  noticed  •=  that  the  pqtential  difterence  between 
mercury  and  a  solution  of  KCl  underwent  a  curious  variation  when  small 
quantities  of  Na^S  were  added  to  the  solution. 

It  was  found  that  the  potential  of  the  solution  with  respect  to  the  mercur\ 
rose  comparatively  slowly  at  first  as  the  concentration  of  the  added  Xa^S  was 
increased,  but  that  there  was  a  critical  percentage  just  below  o"oc)04  gram 
■equivalent  of  Na^S  per  litre. f  At  this  point,  with  increase  of  Na^S,  the 
potential  difference  rose  very  rapidly  over  a  short  range.  Afterwards,  with 
further  increase,  the  rate  of  rise  of  potential  difference  became  comparativeh' 
small  as  before. 

On  that  occasion  \  the  variation  of  potential  difference  was  deduced  from 
-electrocapillary  curves  taken  with  the  different  solutions  almost  immediately 
after  they  were  made,  and,  although  it  was  noticed  that  the  potential  dif- 
ference did  not  remain  1  constant,  no  attempt  was  made  to  determine  how 
much  the  potential  difference  between  any  particular  solution  and  the  Hg 
altered  with  time. 

2.  In  a  further  examination  of  the  phenomenon,  our  first  experiments 
were  made  to  discover  whether  the  substitution  of  another  salt,  such  as 
KjSO*  or  KBr,  for  the  KCl  made  any  difference  in  the  value  of  the  critical 
percentage  of  Na^S.     Incidentally  we  examined  the  time  effects. 

In  these  experiments  we  adopted  a  method  of  measurement  different 
from  that  previously  described.  As  before,  the  solutions  were  placed  in  a 
series  of  H  tubes,  of  the  kind  sometimes  employed  in  the  construction  of 
standard  cells,  the  mercury  electrode  being  at  the  bottom  of  one  limb  ;  but 
■now,  the  measurements  were  made  by  connecting  each  of  the  series  in  turn 
with  a  moveable  "constant"  electrode  and  determining  the  e.m.f.  of  the 
combination  by  means  of  a  Dolezalek  electrometer.  The  "  constant " 
electrode  vessel  was  of  the  shape  shown  at  A  in  Fig.  4  below  and  contained 
the  same  main  electrolyte  as  the  H  tubes  but  no  Na^S. 

The  results  obtained  i,  2,  3  and  4  hours  after  the  solutions  were  made  are 
shown  in  Figs,  i,  2  and  3  for  n/io  KCl,  «/io  K,SO^  and  «/io  KBr  respectively. 

A  sudden  change  in  the  slope  of  the  e.m.f.  concentration  curve  near 
-O34  equivalents  Na,S  per  litre  is  seen  to  occur  in  every  case.  It  also  occurred 
with  ;//.io  KOH  and  even  with  distilled  water. 

*  Smith  and  Moss,  Phil.  Mag.,  April,  1908,  pp.  487  et  seq. 

+  120  grams  NaaS.gHaO  are  here  assumed  to  contain  a  gram  equivalent  of  Xa^S. 

;  Loc.  cit.,  Fig.  3,  p.  487. 
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Thus,  for  weak  solutions  at  any  rate.tlie  critical  pcrccntajfc  is  independent 
of  the  chemical  nature  of  tlic  main  electrolyte. 

3.  It  will  he  noticed  from  the  figures  that  there  were  pronounced  time 
effects  in  each  case,  and  that  these  were  largest  when  KBr  was  used  and 
smallest  with  K.SO^.  This  difference  probably  arises  because  Hg^SO^  is  the 
most,  and  HgjBr=  the  least,  soluble  of  the  mercurous  salts  of  the  three  acids 
employed. 

It  was  easy  to  show  that  much  of  the  large  fall  of  e.m.f.  that  occurs  in 
twenty-four  hours  (exhibited  by  the  curves  marked  XXII.  in  Fig.  2  and  XXIV. 
in  Fig.  3)  was  due  to  the  fact  that  the  H  tubes  were  open  at  the  top. 
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Fig.  I. 


fin  this  and  the  succeeding  Figs,  (except  Fig.  4).  the  ordinate  gives  (in  fractions  of  a  volt)  the  e.m.f. 
of  the  cell. — Hg :  MX  :MX  +  a-NajS :  Hg,  for  the  value  of  .r  represented  (in  fractions  of  a  gramme 
equivalent  of  NajS  per  litre)  by  the  abscissa.] 

For  this  purpose  these  tubes  were  replaced  by  others  (of  the  form  shown 
at  B  in  Fig.  4)  in  which  the  air  no  longer  had  free  access  to  the  solution. 
An  e.xample  of  the  measurements  taken  with  this  apparatus  is  shown  in 

In  this  case  the  main  electrolyte  was  h/io  KOH  and  the  curves  show 
the  e.m.f. s  observed,  i,  2,  24  and  43  hours  after  setting  up.  It  will  be  seen 
that  the  pronounced  fall  of  e.m.f.  with  time  still  continues  up  to  at  least 
■0345NajS.  With  -035X328  the  rate  of  decrease  was  comparatively  slow  in 
the  first  twenty-four  hours  ;  but  in  two  days  the  e.m.f.  had  fallen  to  less  than 
half  of  its  original  value.  With  -036X328  however  the  fall  of  e.m.f.  was  still 
comparatively  small  even  after  two  days. 

Vol   VII.     Parts  i  .and  2.  t^ 
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All  the  otliLT  electrolytes  behaved  in  a  similar  way  in  this  new  apparatus. 
Fig.  6  shows  the  curves  for  »/io  KXO3,  »/io  K.SOj  and  another  sample  of 
ii/io  KOH  two  days  after  setting  up. 

4.  It  was  now  seen  that  the  sudden  variation  near  •034Na.S  was  not 
permanent,  even  when  air  was  excluded,  but  slowly  disappeared.  It  was 
succeeded  by  a  new  leap  in  the  curve  occurring  at  some  concentration  between 
•O35  and  '036  Na^S  (the  solutions  chosen  were  not  sufificient  in  number  to  fix  it 


Fig.  2. 

more  accurately).  This  new  leap  was  permanent,  and,  although  it  sometimes 
took  several  days  to  acquire  its  final  position,  it  then  remained  undisturbed 
until  the  apparatus  was  dismantled. 

Although  the  explanation  of  the  earlier  effect  near  •034Xa2S  is  not  easy  to 
see,  there  seems  to  be  'no  doubt  about  the  cause  of  the  later  effect  just 
described.  It  will  be  shown  that  it  is  determined  by  the  direct  chemical 
action  between  the  constituents  of  the  solution. 
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The  solutions  used  in  the  experiments  described  were  all  made  up  with 
ordinary  aerated  di>tilled  water  at  temperatures  usually  lying  between  15' 
and  20^  C  (occasionally  the  temperature  may  have  been  as  high  as  22°).  We 
determined  (by  the  manganous  hydrate  method)  the  amount  of  oxygen  in 
several  of  the  samples  of  water  and  of  the  weak  solutions  which  we  employed 
and  found,  in  agreement  with  known  results,*  quantities  varying  between 
•OJ12  and  -ooios  equivalents  per  litre. 
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Fig.  3. 

Solutions  of  Xa,S  are  known  to  be  readily  oxidisable  in  accordance 
with  the  equation 

2Xa,S  +  4O  +  H,0  =  Xa,S,03  +  2XaOH, 

^ometimes  represented  by 

2HS  +  20,  =  S.O.,"  +  H,0, 

In  the  absence  of  acids  (including  CO,)  the  resulting  thiosulphate  is  com- 
paratively stable  and  resists  further  oxidation. 

It  will  thus  be  seen  that  a  certain  amount  of  the  Xa,S  in  the  solution> 
used  in  the  experiments  described  above  must  always  be  converted  into 
thiosulphate. 

Since  two  equivalents  of  O  are  required  for  the  oxidation  of  one 
equivalent  of  Xa^S  as  above,  it  follows  that,  in  any  of  the  solutions  we  used, 
>ome  quantity  of  Xa^S  h'ing  between  '035  and  'O36  equivalents  per  litre  would 
he  sufficient  to  use  up  all  the  dissolved  oxygen. 

PVcm  this  it  will  be  seen  that  the  point  at  which  the  leap  of  e.m.f.  occurs 
practicilly  coincides  with  that  at  which  the  solution  can  become  oxygen-free. 
•  Cf.  Sutton,  Volumetric  Analysis,  1904,  pp.  275  ct  scij. 
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5.  In  order  to  test  the  inference  that  the  disappearance  of  the  oxygen 
from  the  solution  causes  the  leap,  some  of  the  experiments  with  the  different 
electrolytes  were  repeated.  But  now,  before  being  placed  in  the  apparatus 
for  the  mcasiuement  of  e.m.f.,  the  solutions  were  first  allowed  to  stand  for 
two  days  out  of  contact  witii  the  air  (in  stoppered  bottles).  Results  obtained 
from  these  "two-day-old"  solutions  are  shown  in  Figs.  7  and  8.  Fig.  7 
shows  the  results  obtained  with  old  h/io  KOH  solutions,  i  and  119  hours 
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Fig.  6. 

after  they  were  placed  in  the  measuring  apparatus.  The  e.m.f. s  were  prac- 
tically constant  during  the  first  four  hours.  The  individual  hourly  differences 
could  not  be  shown  on  the  scale  to  which  the  curves  are  drawn.  Similarly 
the  readings  last  taken,  although  lower  than  these  initial  readings,  were 
practically  identical  with  others  taken  two  days  before. 

Fig.  8  shows  the  results  obtained  with  old  /j/io  KCl  solutions,  after  i  and 
49   hours.     In  this  case   the   e.m.f.  of   each    solution    remained  practically 
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unclumgcd  tor  2S  Iiours  after  the  cells  were  tilled.  The  drop  in  the  suc- 
ceeding 21  hours  may  have  been  due  in  part  to  variation  in  the  constant  of  the 
electrometer. 

These  two  sets  of  curves  show  that  the  time  effects  previously  observed 
are  largely  dependent  upon  changes  within  the  solution  and  tliat  the  critical 
percentage  goes  at  once  to  some  value  between  '033  and  "036  Na.,S  when  the 
solutions  are  alrcadv  two  davs  old  before  they  arc  used. 
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6.  Since  the  leap  occurs  at  the  same  place  in  solutions  which  have  not 
been  in  contact  with  Hg  as  it  does  in  those  of  equal  age  which  have,  it  must 
be  due  to  a  condition  of  tlie  solutions  wiiich  is  brought  about  solely  by  suffi- 
ciently long  standing,  out  of  contact  with  the  air. 

This  is  shown  more  exactly  in  Figs.  9  and  10,  which  refer  to  solutions  of 
)j/io  KjSO^  and  KNO3  respectively. 
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In  each  case  the  curve  defined  b)*  crosses  (x)  was  obtained  from  sohi- 
tions  wliich  had  stood  in  tiie  e.m.f.  measuring  apparatus  for  two  days  after 
preparation. 

The  curve  defined  by  dots  (.)  was  obtained,  an  hour  after  insertion  in  a 
•dupUcate  apparatus,  from  other  samples  of  the  saiue  solutions  which  had  been 
kept  in  stoppered  bottles  for  two  days. 
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Fig.  10. 


In  K^SO^,  although  the  e.m.f.s  for  corresponding  solutions  containing 
small  quantities  of  Na.S  are  perceptiblj-  different,  the  readings  for  the  solu- 
tions containing  "035  and  '036  Na,S  are  practically  identical. 

In  KNO3  the  time  effects  seem  to  last  longer  (possibly  owing  to  the  rela- 
tively large  solubiUty  of  mercurous  nitrate)  and  the  agreement  is  not  quite 
so  good. 

The  curves  defined  b)' triangles  (A)  refer  to  the  "fresh"  solutions,  7  and 
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4  hours  after  insertion  respectively.  The  curves  defined  by  circles  (o)  refer 
to  the  "old  "  solutions,  94  and  46  hours  after  insertion.  These  serve  to  show 
the  relative  magnitudes  of  the  time  effects  in  fresh  and  old  solutions  respec- 
tively and  also  to  exhibit  a  peculiarity,  referred  to  later,  of  the  time  effects  in 
fresh  solutions.  These,  it  will  be  seen,  change  sign  at  about  'OjSsNajS  in  each 
■case  (cf.  also  Fig.  5).  The  temporary  leap  at  about  •034NajS  seems  to  be 
absent  (or  masked)  in  n/io  KXO3. 

7.  The  various  experiments  we  have  described  suggest  that  the  permanent 
leap  of  e.m.f.  occurs  as  we  pass  through  the  solution  containing  just  enough 
Xa^S  to  consume  the  whole  of  the  dissolved  o.xygcn.  If  the  inference  is 
correct,  such  experiments  can  be  used  to  estimate  the  amount  of  oxygen  dis- 
solved in  any  medium  which  does  not  of  itself  interact  with  Na,S.  The 
critical  amount  of  sulphide  will  consume  the  whole  of  the  oxygen.  A  smaller 
amount  will  give  Xa^SjOj  and  a  surplus  of  O.  A  larger  amount  will  give 
Xa^SjOj  and  a  surplus  of  Xa^S.  The  sudden  change  of  e.m.f.  between  the 
medium  and  Hg  will  occur  where  the  surplus  changes  from  O  to  Na^S. 
Even  the  roughest  capillary  electrometer  would  probably  suffice  to  detect  the 
sudden  rise  of  voltage. 

An  early  set  of  experiments  with  ordinary  distilled  water  may  be  quoted. 
The  samples,  containing  different  amounts  of  Na^S,  were  placed  in  H  tubes 
and  measured  against  a  large  "constant"'  electrode  containing  water  without 
Na,S.  In  this  case  the  break  at  •034XajS  had  almost  disappeared  before  the 
experiments  began  ;  but  the  leap  in  the  curve  between  -o^s  ^"^  '036  equiva- 
lents (measured  with  the  Dolezalek  electrometer)  was  over  half  a  volt. 

The  "constant"  electrode  could,  of  course,  be  dispensed  with.  It 
would  be  sufficient  to  compare  successive  solutions  with  one  another. 

Our  data  are  not  sufficient  to  fix  the  sensitiveness  of  the  method,  because, 
•our  attention  being  directed  primarily  towards  the  effect  near  •034X028,  we 
did  not  prepare  solutions  containing  amounts  of  Xa^S  intermediate  between 
•O35  and  '036.  The  experiments  already  described''^  show  the  suddenness  of  the 
temporary  leap  near  "034,  and  there  appears  to  be  no  reason  why  the 
permanent  leap  should  be  less  abrupt. 

In  some  solutions  of  ?//io  KCl  made  up  with  recentl}'  boiled  distilled 
water,  known  to  contain  less  than  the  saturation  amount  of  oxj-gen,  we  found 
that  the  permanent  leap  occurred  between  "0335  and  O34  Na^S,  amounted 
to  0'55  volt,  and  continued,  undiminished,  until  the  apparatus  was  dis- 
mantled thirty  days  later. 

Probably  the  simplest  way  of  testing  simultaneously  the  correctness  of 
our  inferences  and  the  workability  of  the  method  would  be  to  attempt  to 
apply  it  to  strong  and  weak  solutions  (of  some  soluble  chloride)  which 
dissolve  different  (known  or  determinable)  amounts  of  oxygen  per  litre. 

8.  There  is,  of  course,  no  theoretical  difficulty  in  accounting  for  a  very 
rapid  rise  of  e.m.f.  as  the  last  traces  of  free  oxygen  disappear  and  the 
Na^S  becomes  in  excess.  It  is  to  be  expected  from  the  way  in  whicli 
the  e.m.f.  is  known  to  depend  upon  the  concentration  of  the  mercury 
ions  in  the  solution.! 

But  there  is  some  difficulty  in  accounting  for  the  marked  rise  near 
'034X028,  which  persists  for  several  hours  with  freshly  prepared  solutions  and 
was  the  cause  of  the  present  experiments.  In  what  follows  an  attempt  is 
made  to  explain  this  rise. 

The  initial  surface  reactions,  so  far  as  they  depend  upon  the  presence  of 

•  Phil.  Mag.,  loc.  cU.,  p.  487. 
t  Ibid.,  pp.  485-490. 
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NajS,  will  be  of  two  kinds.  Thus  the  O  and  Na,S  will  react  with  the  Hg 
(and  the  main  electrolyte  MX)  directly.  On  the  other  hand  they  will  also 
react  with  one  another  to  produce  NajS203,  which,  with  any  surplus  O,  will 
then  react  with  the  Hg.  For  brevity  we  will  call  these  reactions  I.  and  II. 
respectively. 

It  is  scarcely  necessary  to  point  out  that,  altliough  both  reactions  may  no 
doubt  begin  simultaneously,  the  type  I.  is  much  more  likely  to  predominate 
at  first. 

In  either  case,  since  the  MX  was  usually  much  more  concentrated  than 
the  NajS  and  the  Hg^X.  also  much  more  soluble  than  the  HgS,  an  important 
part  of  the  reaction  in  its  preliminary  stages  must  be — 

2Hg  +  O  +  2MX  +  H,0  =  Hg,X,  +  2MOH. 

The  subsequent  alternatives  are — 

Hg,X,  +  Xa.S  =  Hg  +  HgS  +  aXaX 
and 

Hg,X,  +  Na,S,03  =Hg,S,03  +  2XaX, 

assuming  the  existence  of  Hg,S203  to  be  possible.    ' 

9.  Curiously  enough,  the  second  alternative  seems  almost  sufficient  at 
first  sight  to  furnish  a  simple  interpretation  of  the  rise  near  •034Na2S.  For, 
taking  the  complete  reaction  of  type  II.  to  be  equivalent  to — 

2Hg  +  5O  +  2Na,S  +  2H,0  =  Hg.SA  4-  4NaOH 

we  see  that  a  critical  concentration  of  Na^S  would  be  reached  when  the 
amount  added  equalled  two-fifths  of  the  dissolved  oxygen.  At  ordinary 
temperatures  (15°  to  20°)  the  critical  concentration  would  therefore  lie 
between  "0344  and   '0348  equivalents  per  litre. 

The  objections  to  this  interpretation  (which  was  suggested  by  informa- 
tion kindly  given  to  us  by  our  colleague  Mr.  Chapman  Jones,  F.I.C.)  seem, 
however,  to  be  insuperable. 

In  the  first  place  the  value  '0344  would  be  an  inferior  limit  to  the  critical 
concentration  ;  for  the  reaction  of  type  I.  could  never  be  wholly  absent  and 
consumes  less  oxygen  than  II.  Yet  even  with  the  coldest  solutions,  in  which 
according  to  the  equation  last  given  it  should  have  been  "0348,  the  critical 
concentration  never  exceeded  '034. 

But  the  most  obvious  proof  of  the  existence  of  the  simpler  reactions  of 
type  I.  in  the  fresh  solutions  is  obtained  by  observing  the  surfaces  of  the 
electrodes  from  time  to  time  for  a  few  hours  after  the  cells  are  filled. 

10.  Dilute  solutions  of  Na2Sj03  tarnish  the  surface  of  mercury  with 
which  they  are  in  contact  at  most  very  slowly.  The  same  is  true  of  most  of 
the  tvvo-days-old  solutions  already  referred  to.  The  tarnish,  if  it  forms  at  all, 
generally  takes  hours  to  become  perceptible,  and  then  only  appears  as  a 
thin  yellowish-white  film.  But  the  freshly-prepared  solutions  behave 
quite  differently.  These  cause  the  mercury  to  tarnish  in  a  striking  and 
suggestive  way. 

The  rate  of  growth  of  the  tarnish  on  any  electrode  depends  upon  the 
percentage  of  Xa..S  and  also  upon  the  nature  of  the  main  electrolyte;  but 
the  sequence  of  colour  is  the  same  on  all  and  is  always  slow  enough  to  be 
followed  with  ease.  It  is  almost  exactly  the  same  as  that  observable  on  the 
polished  surface  of  gradually  heated  iron  or  steel  and  is  probably  due  to  the 
sanie  physical  cause. 

The  rate  of  growth  is  greater  in  the  electrolyte  MX  the  more  soluble  the 
mercurous  salt  HgjXo.     Thus  the  tarnish  forms  rapidly  when  Na^S  is  added 
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to  decinorinal  solutions  of  KNO^  and  comparatively  slowly  when  the  solvent 
is  h/io  KBr.  This  will  be  seen  to  be  in  accord  with  the  remarks  already 
made  with  respect  to  the  direct  action  between  the  Hi^,  the  O,  and  the 
main  electrolyte. 

But  it  is  the  wav  in  which  the  rate  of  growtii  varies  with  the  amount  of 
Na,S  that  is  most  significant  for  our  present  purpose. 

11.  The  sudden  rise  of  e.m.f.  between  '0335  and  -Oy}  Na.S  corresponded 
alwavs  with  an  obvious  decrease  in  the  rate  of  tarnisliing.  The  series  of 
eight  tubes  usually  employed  contained  amounts  of  Na^S  (in  equivalents  per 
litre)  in  the  following  sequence — 

Tube  :  I  2  3  4  5  f'  7  8 

Na^S        -Oji         -032        -033        -0335        O34        -0345        -OjS        -036 

Generally  Xos.  i,  7  and  8  would  be  still  untarnished  in  the  time  taken  by 
4  to  acquire  a  bright  yellow  colour.  Nos.  3  and  5  would  be  distinctly,  and 
Nos.  2  and  6  faintly,  yellow. 

Later,  3  and  4  would  become  distinctly  purple  while  all  the  others  were 
still  yellow. 

Later,  i  would  be  yellow  ;  2  purple  ;  3  and  4  blue  ;  while  5  to  8  were 
still  mostly  yellow,  although  purple  would  be  present  in  patches  on  5  and  6 
and  in  traces  perhaps  on  7,  but  still  absent  on  8. 

Later  still,  i  would  be  yellow  ;  2,  3  and  5  would  be  blue  ;  4,  owing  to  the 
thickness  of  the  deposit,  would  have  a  somewhat  dull  "  blue-gray  "  appearance  ; 
6  would  be  blue  and  purple,  7  purple,  and  8  purple  and  3'ellovv. 

Finally,  owing  to  the  thickness  of  the  deposits  the  gradation  in  the 
middle  of  the  series  would  become  indistinct.  This  last  state  of  affairs  was 
generally  reached  long  before  the  end  of  the  two  days  over  which  the 
observations  extended.  The  tubes,  being  required  for  a  fresh  series  of  e.m.f. 
measurements,  were  then  usually  emptied  ;  but  on  one  occasion  the  freshly 
prepared  solutions  were  left  standing  over  mercury  in  stoppered  bottles  for 
several  days.  In  this  case  it  was  noticed  that  the  tarnish  in  No.  8  had  now 
almost  disappeared  and  been  replaced  by  a  thin  red  crystalline  deposit — 
presumably  red  sulphide  of  mercury  ■■'■ — upon  the  again  bright  surface 
of  the  metal. 

An  experiment  was  also  made  with  these  stoppered  bottles  using  water 
containing  less  than  the  saturation  amount  of  oxygen  in  making  up  the 
solutions.  It  was  noticed  that  the  maximum  rate  of  tarnishing  now  occurred 
in  the  bottle  containing  •033Na,S  and  not  in  that  containing  -0335X328.  Mere 
observation  of  the  rates  of  tarnish  might  therefore  be  a  possible  method  of 
estimating  the  amount  of  dissolved  oxygen. 

12.  These  observations  upon  the  appearance  and  rate  of  growth  of  the 
tarnish  seem  to  show  that,  unless  there  is  some  such  thing  as  "  nascent " 
NajSjOj,  the  initial  reactions  between  the  mercury  and  freshly  prepared 
solutions  belong  mainly  to  the  type  I.  But  if  this  be  so  it  seems  necessary, 
in  order  to  explain  the  data  quantitatively,  to  assume  that  the  concentration 
of  the  Na^S  relative  to  the  O  is  greater  in  the  surface  layer  than  it  is  in  the 
solution  as  a  whole.  Adsorption  is,  of  course,  a  well  known  phenomenon, 
and  it  is  not  unlikely  that  it  is  more  marked  between  Hg  and  Na^S  than  it  is 
between  Hg  and  O.  But  whatever  be  the  reason,  if  our  view  is  correct,  the 
Na^S  must  approach  the  Hg  from  the  solution  at  a  much  greater  rate  than 
the  O  does.  Thus,  although  in  a  fully  aerated  solution,  containing  034X328  per 
litre,  the  dissolved  oxygen  is  at  first  nearly  three  times  as  concentrated  as  the 

•  Cf.  e.g.  Ostwald,  Principles  of  Inorganic  Clicuiistry,  English  edit.,  1908,  p.  678. 
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Na.;S,  it  seems  necessary  to  suppose  that  the  surface  concentrations  upon  the 
mercury  are  eqpal.     Making  this  assumption  the  tacts  are  explicable. 

Thus,  in  solutions  containing  less  than  •034NajS  there  will  be  excess  of  O 
in  the  surface  layer  after  the  whole  of  the  Na^S  has  gone  to  produce  HgS. 
Consequently  Hg^X^  can  be  formed  at  the  electrode,  and  the  potential 
difference  there  need  not  differ  greatly  from  that  at  the  "  constant " 
electrode. 

In  the  critical  solution  the  last  traces  of  surplus  O  will  disappear.  Hg^X, 
cannot  be  formed  (except  transiently)  and  the  potential  difference  exhibited 
will  now  depend  upon  tlie  extremely  sparingly  soluble  HgS. 

When  tlie  amount  of  Na^S  in  solution  exceeds  "034  equivalents  per  litre, 
the  possible  amount  of  HgS  will  be  approximately  the  same  as  in  the  critical 
solution  ;  but  now  there  will  be  always  an  excess  of  Na,S  in  the  surface 
layer  after  the  reactions  of  type  I.  are  complete.  These  reactions  produce 
OH  ions.  Consequently  the  hydrolysis  of  the  excess  Na^S  will  be  diminished 
and  an  appreciable  amount  of  the  HgS  formed  may  be  kept  in  solution.* 
The  amount  of  HgS  precipitated  will  decrease  as  the  amount  of  Na,S 
increases. 

13.  Thus  we  see  that,  in  correspondence  with  the  facts,  the  initial  rate  of 
deposition  of  HgS  should  increase  continuously,  with  increase  in  the  amount 
of  NajS  in  solution,  to  a  maximum  just  below  •034Na2S  and  then  continuously 
decrease. 

Further,  since  a  given  excess  of  Na^S  will  dissolve  less  than  its  equivalent 
■of  HgS,  the  decrease  in  the  rate  of  precipitation  above  •034Na,S  will  be  less 
noticeable  than  the  increase  in  the  rate  between  'Oji  and  •034Na2S.  This  also 
corresponds  with  the  facts. 

14.  Assuming  condensation  of  the  Na^S  as  above,  the  e.m.f.  must  also  be 
subject  to  time  effects.  For  the  sulphide  could  not  continue  indefinitely  to 
approach  the  Hg  surface,  from  solutions  containing  excess  of  O,  at  a  greater 
rate  than  the  latter.  The  e.m.f.  of  every  solution  containing  less  than  'O3II 
equivalents  of  NaaS  per  litre  would  fall,  sooner  or  later,  if  there  were  no 
direct  action  between  the  dissolved  O  and  Na^S.  But  the  direct  action, 
about  which,  as  we  have  alreadj'  shown,  there  is  no  doubt,  will  restrict  the 
range  over  which  the  fall  takes  place. 

For  those  portions,  at  some  distance  from  the  Hg  surface,  of  anj^  solution 
containing  more  than  •0355Na2S  per  litre  will  ultimately  contain  no  free 
oxygen,  but  only  NajS^Oj  and  Xa^S.  From  these  the  Na^S  can,  if  need  be, 
continue  to  approach  the  Hg  surface  until  no  more  is  left.  Such  Xa,S  can 
only  add  to  the  effect  produced  by  that  already  there.  In  other  words,  it  must 
cause  the  e.m.f.  to  rise. 

Similarly  any  solution  containing  less  than  •0355NajS  per  litre  will 
ultimately  contain  no  free  Xa^S  but  only  XaoS^Oj  and  O.  From  this  the  O, 
approaching  the  Hg  surface,  will  compete  against  the  Xa^S  already  there. 
In  other  words,  it  must  cause  the  e.m.f.  to  fall. 

Hence  the  time  effects  must  sooner  or  later  be  of  different  sign  in 
solutions  containing  less  and  more  than  •0355Xa2S  respectively.  How 
exactly  this  agrees  with  the  facts  is  seen  from  the  crossing  of  the  "  fresh  " 
solution  curves  of  Figs.  5,  9  and  10,  to  which  we  have  already  alluded  on  p.  10. 

In  further  corroboration  of  this  interpretation  of  these  time  effects  it 
should  be  mentioned  thaf,  although  to  avoid  confusion  the  data  are  omitted 
from  Figs.  9  and  10,  the  e.m.f. s  fell  slowly  at  first  (as  in  Fig.  5)  in  all  the 
freshly  prepared  solutions,  including  those  containing  •036Xa2S.  It  is  not 
until  several  hours  have  elapsed  (during  which  it  may  be  inferred  that  the 
*  Cf.  Knox,  Trans.  Faraday  Soc,  iv.,  Pt.  I,  190b. 
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bulk  of  the  oxvgen  in  the  interior  of  th^  sohition  has  been  converted  into 
Na^SjOj)  that  the  e.m.f.  in  the  -OjCNa^S  solution  begins   to  rise. 

Finally  it  ought  to  be  stated  that  the  high  values  of  the  e.m.f.  (in  the 
solutions  containing  "034  to  "035  Na^S),  due  initially  to  surface  condensation 
of  the  Xa^S,  probablv  persist  longer  than  they  otherwise  would,  and  might 
even  be  unobservable,  but  for  the  coexistence  with  the  condensation  of  the 
reaction,  consuming  a  relatively  large  amount  of  oxygen,  already  discussed 
in  §9. 

15.  Our  experiments,  subject  to  the  reservations  we  have  made,  may  be 
summarised  as  follows  : — 

The  effects  of  small  quantities  of  Na.S  upon  the  potential  difference 
between  mercury  and  dilute  solutions  of  various  electrolytes  have  been 
studied  and  an  attempt  has  been  made  to  analyse  and  explain  them. 

The  rate  of  change  of  potential  difference  resulting  from  addition  of  Na^S 
is  at  first  roughly  proportional  to  the  amount  oflNa^S  added,  but  suddenly 
increases  at  a  critical  concentration  lying  near  o'ooo4  equivalents  NajS  per 
litre  in  solutions  containing  about  o'ooii  equivalents  of  O  per  litre. 

This  effect  is  temporary  and  almost  disappears  within  twenty-four  hours. 
It  is  succeeded  by  a  similar  effect,  permanent  so  long  as  atmospheric  ox^'gen 
is  excluded,  which  occurs  in  the  solution  containing  initially  about  0*00055 
equivalents  Xa^S  per  litre. 

The  second  effect  is  due  to  the  conversion  of  the  Xa^S  into  Na^SjOj,  by 
interaction  with  the  oxygen  contained  in  the  solution.  The  amount  per  litre 
of  Na^S  required  to  produce  the  effect  is  thus  a  measure  of  the  amount  per 
litre  of  the  dissolved  oxygen.  A  very  slight  excess  is  sufficient  to  alter  the 
potential  difference  by  more  than  half  a  volt. 

The  temporary  effect  is  apparently  due  to  selective  adsorption  of  XaaS 
at  the  mercury  surface.  Such  adsorption,  besides  accounting  for  this  effect, 
would  explain  the  striking  variations  in  the  rate  of  tarnishing  of  the  mercury 
in  the  different  solutions.  It  would  also  be  in  accord  with  the  time  effects 
first  observed  in  all  the  solutions  and  with  the  later  reversal  in  sign  of  the 
time  effect,  in  solutions  containing  more  than  o"ooo55  equivalents  Na^S 
per  litre. 

The  way  in  which  the  tarnishing  progresses  in  the  different  cases  illustrates 
incidentally  the  origin  of  phenomena  analogous  to  the  "oxidation  tints"  of 
tempered  steel. 

DISCUSSION. 

Dr.'  G.  Senter  asked  whether  the  authors  had  any  definite  suggestion  as 
to  the  cause  of  the  first  sharp  change  in  direction  of  the  curve  ;  he  did  not 
gather  from  the  Paper  exactly  what  the  explanation  was. 

Dr.  Smith  said,  in  reply,  that  just  as  they  had  supposed  the  permanent 
leap  to  be  due  to  permanent  excess  of  Xa^S,  in  the  solution  as  a  whole,  wlien 
the  initial  amount  per  litre  was  above  0^00055  equivalents  ;  so  they  had  sup- 
posed the  temporary  leap  to  be  due  to  a  temporary  excess  of  Na^S,  in  the 
surface  layer,  when  the  initial  amount  per  litre  was  above  0*0004  equivalents. 
To  account  for  this  temporary  excess  it  seemed  necessary  to  conclude,  as 
explained  in  §  12,  that  dissolved  Xa^S  condenses  upon  a  mercury-electrolyte 
surface  to  a  greater  extent  than  does  dissolved  oxygen.  The  leap  is  to  be 
expected,  as  explained  in  the  paper  referred  to  in  §  i,  at  the  point  where  the 
Na,S  becomes  in  excess  of  the  oxygen  because  of  the  excessively  feeble 
solubility  of  the  sulphide  compared  with  the  other  salts  of  mercury. 


HYDRO-ELECTRIC    PLANTS    IX    NORWAY    AND    THEIR 
APPLICATION   TO   ELECTROCHEMICAL  INDUSTRIES. 

By  a.  SCOTT- HANSEN.,  C.E..  of  Christiama. 

(.4  Paper  read  before  the  Faraday  Society  on  Tuesday,  May  2,  1911, 
Mr.  James  Swixbcrxe,  P'.R.S.,  President,  //;  the  Chair.) 

When  your  distinguished  Society  did  me  the  honour  to  invite  me  to  read 
a  paper  before  the  Society,  I,  knowing  that  you  were  principally  interested  in 
scientific  questions  connected  with  physics  and  chemistry,  felt  constrained  to 
reply  that,  being  merely  a  constructional  engineer,  I  could  have  nothing  ne\v 
or  interesting  to  communicate.  I  could,  however,  tell  of  the  great  possi- 
bilities owned  by  my  country  Norway  in  its  wealth  of  water-power,  which  is 
even  now,  and  in  future  will  still  further  be,  of  the  utmost  importance  for 
electrochemical  and  electrometallurgical  industries,  and  I  therefore  venture 
to  hope  that  this  subject  may  be  found  worthy  of  your  attention. 

I  must  crave  vour  forbearance  if,  through  deficiencies  in  my  English  or 
otherwise,  I  fail  to  make  the  description  as  plain  as  I  would  wish. 

As  you  are  aware,  and  as  many  of  you  have  doubtless  seen,  Norway  (Fig.  1)  is 
essentially  a  mountainous  country,  rising  abruptly  along  its  western  seaboard 
to  a  height  of  several  thousand  feet,  and  then,  after  more  or  less  wide  elevated 
plateaux,  from  which  higher  peaks  frequently  rise,  gradually  sloping  towards 
the  east,  without,  however,  losing  its  hilly  character  or  to  any  degree  attaining 
the  character  of  level  country. 

The  whole  of  the  western  coast  is  indented  by  countless  clefts  or  valleys, 
forming  magnificent  fjords,  arms  or  inlets  of  the  sea,  penetrating  up  to  more 
than  a  hundred  miles  into  the  country,  and,  in  the  same  way,  these  clefts 
continue  as  valleys,  frequently  extending  to  the  higher  slopes  by  which  access 
to  and  across  the  highlands  is  obtained. 

Through  these  valleys  the  rivers  run  down  to  the  sea,  and  these  rivers 
constitute  a  constant  source  of  water-power  of  such  magnitude  that  they 
may  well  be  said  to  represent  national  wealth,  in  the  same  manner  that  coal 
does  in  countries  in  which  it  is  abundant. 

The  waterfalls  have  thus  been  aptly  termed  "  White  Coal,"  and  the  white- 
coals  have  the  very  great  advantage  of  being  inexhaustible. 

With  your  permission,  I  propose  first  to  show  how  Norway  has  been 
specially  well  adapted  by  nature  to  utilise  the  rain  that  falls,  and  I  will 
subsequently  give  some  examples  of  how  advantage  has  been  taken  of 
this. 

As  you  will  perceive,  on  looking  at  the  map  of  Norway,  an  overwhelm- 
ingly large  proportion  of  the'countrj' — in  fact,  97  per  cent. — consists  of 
mountains  and  moorlands,  lakes  and  marshes.  Of  this,  the  forests  cover  one- 
fourth,  while  the  bulk  is  represented  by  mountain  pastures,  moorlands,  and 
sterile  wastes  at  an  altitude  of  2,500  feet  or  more  above  the  sea. 

Cultivated  land  occupies  2-9  per  cent,  and  towns  only  one-tenth  of  i  per 
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cent,  of  the  total  area  of  Norway.  The  density  of  population  is  not  great, 
the  average  working  out  at  no  more  than  about  6i-  persons  per  square 
kilometre. 

Under  these  circumstances,  Norway  was  long  a  poor  country,  whose 
most  important  articles  of  export  were  timber  and  fish.  The  rivers  were 
therefore,  up  to  the  latter  half  of  last  century,  only  utilised  for  floating  down 
timber,  with  here  and  there  sawmills  or  other  small  mills  driven  by  primitive- 
water-wheels.  Those  were  the  days  in  which  the  Norwegian  valleys  lay  in 
all  their  pristine  purity,  when  the  rivers  teemed  with  salmon  and  trout, 
and  the  forests  and  moors  with  game,  and  the  only  foreigners  who  visited 
them  were  almost  exclusively  sons  of  Albion  in  search  of  sport  and  recrea- 
tion. 

But  soon  the  water-power  began  to  be  more  and  more  made  use  of  for  the 
Wood-Pulp  Industry,  which,  in  the  course  of  a  comparatively  short  time, 
grew  to  be  of  such  importance  that  now,  in  conjunction  with  cellulose  and 
paper,  exports  represent  the  annual  value  of  56  million  kroner  (£3,100,000). 
Turbines  took  the  place  of  water-wheels,  and  graduall}^  the  electric  dynamo 
in  connection  with  the  turbine  commenced  an  evolution  that  has  brought 
water-power  into  the  foremost  rank  as  a  source  of  productive  energy. 

I  shall  now  give  a  sketch  of  the  conditions  determining  the  Norwegian 
rivers  water-supply,  and  show  how  they  can  be  utilised. 

As  already  mentioned,  a  large  portion  of  the  surface  of  the  country  con- 
sists of  high  mountainous  land,  which,  as  will  be  seen  from  the  map,  mainlv 
concentrates  itself  towards  the  west  coast.  Considerable  mountain  ranges 
rise  from  the  elevated  plateaux,  the  highest  peak  being  Galhopiggen,  about 
8,200  feet  above  the  sea.  On  these  summits  and  in  other  parts  of  the  country 
extensive  glaciers  are  found,  and  the  snow-line  is  of  course  low,  so  far  north. 
The  principal  glaciers,  beginning  with  the  southernmost,  are  Folgefond, 
Hardanger  Joklen  (Giant)  and  the  Jostedalsbraj. 

When  the  sea-breezes  sweep  from  the  westward  over  the  country, 
they  shed  their  moisture,  which  condenses  in  contact  with  the  cold  moun- 
tains, especially  in  the  vicinity  of  glaciers  and  snowy  peaks  and  of  the 
high  ridges,  where  the  temperature  is  also  naturally  much  lower  than  in 
the  valleys.  The  rainfall  is  then  entirely  on  the  western  slopes  and  high- 
lands. When  the  wind  has  crossed  tlie  watershed,  it  has  usually  been 
deprived  of  moisture. 

The  rain  that  falls  on  the  south-eastern  side  of  the  country  comes  from 
the  easterly  and  especially  south-easterly  winds,  which  convc}'^  moisture 
from  the  Cattegat  and  Baltic  ;  these  winds  shed  their  moisture  gradually 
as  they  cross  the  cpuntry  and  meet  hills  and  mountains  on  their  way. 

The  consequence  of  these  meteorological  conditions  is  that  the  west 
coast  has  a  vastly  greater  rainfall  than  the  interior  or  eastern  parts  of 
the  country. 

In  the  Diocese  of  Bergen  the  rainfall  has  in  places  been  recorded  up 
to  4,000  millimetres,  or  over  158  inches,  in  a  year,  especially  in  the  vicinity  of 
the  glaciers  Folgefond  and  Jostedalsbra;.  I  may  remind  you  that,  as  every 
inch  of  rainfall  represents  over  100  tons  of  water  per  acre,  this  means 
16,000  tons  of  water  per  acre  annually. 

A  very  few  miles  behind  the  chain  of  coast  mountains,  the  rainfall  is 
very  considerably  diminished,  and  on  the  line  of  the  watershed  may  be 
reckoned  at  about  1,000  millimetres,  or  under  40  inches.  On  the  eastern 
side,  the  rainfall  diminishes  gradually  and  goes  down  to  400  mm.  (i5"8  inches) 
and  even  less.  In  the  eastern  districts  there  is  a  broad  strip,  stretching 
from  east  of  the  Jostedals  Glacier,  south  of  the  Dovrefjeld,  across  to  the 
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Swedish  frontier,  wiiere  this  absence  of  rain  is  quite  remarkable.  The 
whole  of  this  part  is  exceedingly  dry,  and  the  amount  of  rainfall  may  go 
down  to  a  perfect  minimum.  It  forms,  as  it  were,  a  shadow  of  the  vast 
Jostcdalsbrre,  which  acts  like  a  huge  accumulator  for  the  moisture  of  the 
atmosphere,  leaving  the  country  behind  it  comparatively  rainless. 

If  the  rainfall  wc  have  mentioned  were  evenly  distributed  throughout 
the  year,  the  Norwegian  rivers  would  be  amongst  the  best  supplied  in 
the  world.  But,  as  we  arc  aware,  the  rainfall  is  not  so  distributed.  From 
October  to  April  or  May  the  rainfall  in  the  higher  parts  of  the  country  takes 
the  form  of  snow,  and  during  the  winter  months  it  only  rains  along  a  strip 
of  the  coast  and  up  the  fjords.  The  rainfall  cannot,  therefore,  be  at  once 
utilised,  and  from  December  to  April  or  May  the  rivers  bring  down  least 
water.  In  May  a  flood  occurs,  on  the  melting  of  the  lower  snows — the 
"  home  flood,"  as  it  is  called — while  the  biggest  flood  comes  in  June  or 
July  from  the  melting  of  the  great  masses  of  snows  on  the  highest  moun- 
tains. 

In  order  to  make  use  of  the  water-power,  it  is  therefore  of  primary 
importance  to  be  able  to  store  as  much  as  possible  of  the  supplies  which, 
during  the  melting  of  the  snows,  would  escape  to  sea.  On  looking  at  the 
map,  it  is  obvious  that  the  nature  of  the  country  is  peculiarly  adapted 
for  such  storage.  The  entire  country  is  furnished  with  lakes  of  various 
size,  which,  owing  to  the  depth  and  narrowness  of  the  valleys,  have 
frequently  very  contracted  outlets.  It  is,  therefore,  easy  to  convert  such 
lakes,  and  at  comparatively  little  outlay,  into  most  valuable  reservoirs,, 
in  which  to  store  in  summer  the  water  arising  from  the  winter  snows, 
and,  by  letting  out  these  stored  supplies  as  required  to  supplement  the 
natural  flow,  to  maintain  the  regular  amount  needed  for  the  production 
of  constant  power. 

To  give  an  idea  of  the  greatness  of  the  possibilities  in  this  direction, 
I  may  mention  that  in  one  watershed — the  eastern  watershed  of  Skien 
from  Mosvand  to  Hiterdalsvand — of  the  natural  water-power  which  originally 
was  equal  to  about  50,000  h.p.,  the  available  horse-power  can  be  raised 
to  about  375,000. 

One  of  the  reservoirs  created  by  damming  up  the  mountain  lake  Mosvand 
(above  the  celebrated  Rjukanfoss)  has  a  surface  of  about  60  square 
kilometres,  and  has  now  been  converted  into  a  reservoir  containing  about 
840  million  cubic  metres  (or  tons)  of  water,  not  far  short  of  the  quantity 
obtained  by  the  retention  of  the  flood-water  of  the  Nile  by  means  of  the 
great  dam  at  Assuan. 

The  IMosvand  reservoir  has  increased  the  minimum  flow  in  the  river  below 
from  about  5  cubic  metres  (tons)  to  47  per  second,  and  thereby  increased  the 
water-power  of  the  Rjukan  factories  (of  which  I  will  speak  presently)  from 
about  30,000  to  about  250,000— a  quarter  of  a  million  horse-power.  This  has 
been  achieved  at  a  cost  of  little  more  than  a  million  and  a  half  kroner — let 
us  say  about  ;^85,ooo. 

Again  looking  at  the  map  of  Norway,  one  on  which  the  watersheds  of  the 
rivers  is  shown  (Fig.  i),  it  will  be  seen  how  much  nearer  the  west  coast  than 
the  eastern  boundary  the  watershed  divides.  The  catchment  basin  of  most 
western  rivers  is  thus  very  small,  while  that  of  the  eastern  is  very  consider- 
able. It  is  also  true  that  the  amount  of  water  in  the  eastern  rivers  is  much 
greater  than  in  those  of  the  west,  but  this  is  compensated  by  the  shorter  instance 
mto  Vk-hich  the  falls  of  the  latter  are  concentrated.  As  sources  of  power  the 
western  rivers  are  thus  in  many  cases  greater  than  the  eastern.  While  in 
the  west  there  are  numbers  of  waterfalls  that  can  be  concentrated  at  heights 
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<)t  from  4CK1  to  1,000  metres  it  is  exceptional  in  the  east  to  find  anything 
of  the  kind. 

The  total  water-power  in  Norway  has  been  estimated  at  from  five  to  seven 
million  horse-power,  but  this  is  probably  too  low  an  estimate,  as  although  all 
the  larger  watercourses  which  are  at  all  well  known  are  included,  there  are 
undoubtedly  numerous  smaller  and  little-known  falls  that  have  not  been 
reckoned,  but  which,  when  the  time  comes,  can  and  will  be  made  use  of. 
Moreover,  large  portions  of  Northern  Norway  are  practically  unknown  as 
regards  their  hydrography. 

Hitherto  electric  power  has  mainly  been  applied  to  the  production  of 
light  and  for  actuating  machinery,  and  has  thus  principally  been  employed  in 
towns  and  populous  districts.  The  earlier  electric  works  have  therefore  in 
Norway,  as  elsewhere,  been  established  in  towns  and  industrial  centres.  The 
production  of  light  requires  little  power,  and  even  factories  of  considerable 
size  use  but  a  few  hundred  horse-power. 

It  is  therefore  natural  that  the  earlier  electric  works  in  Norway  have  been 
of  comparatively  small  extent,  and  consequently  not  particularly  economical. 
Notwithstanding  this,  a  great  number  of  electric  power  stations  have  been 
established  in  Norway,  and  the  demand  for  electric  power  has  rapidly 
increased.  It  is  significant  that  the  first  communal  electric  power  station  in 
Norway  was  in  Hammerfest — the  most  northerly  town  in  the  world. 

The  greater  number  of  the  most  important  waterfalls  in  Norway  are 
situated  either  far  inland  or  on  the  south-west  and  west  coast  fjords,  or  in  the 
north,  in  thinly  populated  neighbourhoods.  There  was  no  appearance  of 
being  able  to  find  any  rational  use  for  these  waterfalls.  Now,  however,  the 
difficulties  may  be  said  to  have  been  practically  overcome,  as  the  electric 
energy  can  be  transmitted  to  very  great  distances. 

From  the  moment  that  power  can  be  economically  conveyed  to  any  place 
at  whicli  it  can  be  advantageously  employed,  it  becomes  possible  to  utilise 
buch  large  waterfalls. 

In  most  instances  it  will  be  possible  to  convey  the  power  to  the  coast, 
where,  in  one  or  other  of  the  countless  safe  harbours,  which  are  practically 
open  at  all  seasons,  it  should  be  the  means  of  establishing  lucrative  industrial 
undertakings. 

I  will  now  revert  to  the  facilities  for  storing  up  the  water-supply  in  reser- 
voirs formed  by  damming  the  mountain  lakes  and  rivers.  In  almost  every 
instance  firm  rock  foundations  will  be  met  with  on  which  to  build  dams  or  in 
which  to  make  channels,  tunnels,  or  on  which  to  lay  pipes  or  conduits,  flumes 
and  so  forth.  The  cost  is,  therefore,  comparatively  small.  I  think  I  may 
venture  to  say  that.  I  do  not  believe  any  country  in  the  world  will,  on  'the 
whole,  be  able  to  obtain  water-power  more  cheaply  than  Norway,  especially 
when  remembering  that,  in  the  great  majority  of  cases,  the  power  can  be 
delivered  at  a  good  sea  harbour. 

Of  course,  the  cost  will  be  dependent  on  various  circumstances  ;  but  it 
may  be  taken  that  the  power  stations  can  supply  power  at  prices  of  from 
about  kr.  20  (twenty-two  shillings)  to  kr.  40  (say  forty-four  shilhngs)  per 
horse-power  year  at  the  power  station— prices  which  enable  the  waterfalls 
to  be  taken  into  the  service  of  the  great  industries. 

The  industries  that  are  able  to  make  use  of  the  large  powers,  for  instance 
50,000  to  100,000  h.p.  from  a  single  waterfall,  are,  as  I  mentioned,  not  those 
which  require  power  to  actuate  machinery,  but  must  be  of  an  electrochemical 
or  electrometallurgical  nature.  In  this  sphere  the  large  Norwegian  water- 
falls will  henceforth  find  their  great  importance,  and  it  is  in  this  direction 
that  developments  have  begun  to  make  rapid  progress  in  Norway. 

Vol.  VII.     Parts  i  and  2.  t6 
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The  developments  that  have  taken  place  in  Xorway  have  entirely 
revolutionised  ideas  as  to  the  importance  of  the  water-power  there,  and 
have  caused  developments  in  legislative  enactments  that  have  caused  as 
great  floods  of  discussion  in  their  vvav  as  the  melting  snows  in  the  mountains 
did  in  theirs. 

Members  of  this  Society  will  recollect  that  in  the  year  1906  Professor 
Birkeland  first  communicated  to  this  Society  the  results  of  the  discoveries 
he  and  Mr.  Eyde  had  made  with  regard  to  the  oxidation  of  the  nitrogen 
of  the  atmosphere.  From  this  discovery  an  industry  has  arisen  that  will, 
in  the  course  of  the  present  year,  make  use  of  170,000  to  180,000  h.p.,  and 
which  will,  it  is  hoped,  in  the  course  of  a  few  years  employ  further  about 
3cx),ooo  h.p. 

In  the  manufacture  of  calcium  carbide  about  60,000  h.p.  are  employed, 
and  in  other  electrochemical  and  electrometallurgical  industries  about 
20,000  h.p.  :  all  the  result  of  developments  within  the  last  ten  or  fifteen  years 
in  this  sphere  of  action. 

As  inventive  progress  in  any  direction  is  incited  by  the  successes  achieved, 
it  is  to  be  expected  that  further  important  electrochemical  and  electro- 
technical  discoveries  will  be  made,  which  will  give  further  demand  for 
Norwegian  water-power,  and  will  further  assist  the  industrial  development 
of  the  country. 

I  cannot  here  go  into  details  with  regard  to  the  various  electrochemical 
branches  of  industry  in  Norway  which  employ  "White  Coal,"  but  I  may 
mention  the  following  figures  from  the  Oflicial  Statistical  Reports  for  1909 
of  the  quantities  and  values  of  such  commodities  exported  : — 


Tons. 

Value  in  Kroner. 

Calcium  Carbide       

48,352 

5,802,200 

Calcium  Cyanamide 

752 

120,300 

Nitrate  of  Lime         

9,422 

1,300,300 

Nitrite  of  Soda           

2,577 

1,015,400 

Aluminium     

486 

1,093,300 

Ferro-silicium            ... 

2,645 

449,600 

Soda 

179 

357,400 

64,413 

Kr.  10,138,500 

Statistics  are  not  yet  available  for  1910,  but  the  exports  of  nitrate  of  lime 
and  of  nitrite  of  soda  have  increased  very  considerably,  and  another  article 
has  been  added  to  the  above  items,  namely,  nitrate  of  ammonia.  These 
figures  are  not  very  imposing,  but  they  are  at  least  sufficiently  large  to 
indicate  that  electrochemical  industry  has  actually  commenced,  and  will,  we 
hope,  fulfil  the  expectations  of  all  concerned. 

Another  industry  that  promises  to  become  of  the  greatest  importance, 
particularly  for  Norway,  is  that  of  the  electric  smelting  of   iron  and  steel. 

Attempts  have  been  made  for  many  years  to  find  a  suitable  electric 
furnace  for  smelting  iron  ore  ;  but  for  long  the  results  were  not  satisfactory 
from  a  practical  point  of'  view;.  Now  this  question  seems  to  have  been 
solved,  a  smelting  furnace  constructed  by  the  Swedish  engineer  Gronwall 
having  been  worked  for  some  time  on  a  commercial  scale  with  excellent  results, 
first  at  Domnarfvet  in  Central  Sweden,  and  subsequently  at  Trollhattan,  near 
Gothenburg,  and  which  has  more  than  fulfilled  all  it  was  expected  to  do. 

The  patent  rights  for  the  use  of  this  furnace  in  Norway,  as  also  those  of  a 
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steel  furnace  connected  with  it.  have  been  acquired  by  tlie  Company  Morsk 
Ekktrometal,  who  have  aheady  i^ranted  hcences  to  two  different  companies — 
namely,  to  tlie  Hanianger  Elcklrlskv  ffni  0^^  Slaal^'crk,  who  will  obtain 
electric  energy  from  the  power  company  AjS  Tysscfahicnc,  and  to  the 
Areiiiials  Fossc-Compagni,  who  own  the  waterfall  Boilefos  near  the  seaport 
town  of  Arendal,  and  who  have  commenced  the  construction  of  electric  iron 
smelting  and  steel  works.  A  company  has  also  been  formed  to  use  a  different 
type  of  electric  iron-ore  smelting  furnace  at  the  Tinfoss  in  Telemarken. 

At  the  Hardanger  Iron  and  Steel  Works  they  will  commence  with  5,000 
e.h.p.,  which  may  be  increased  to  15,000  ;  at  Arendal  with  6,000,  which  can 
be  increased  to  30,000  ;  and  at  Tinfoss  with  5,000  e.p.h.,  which  may  be  in- 
creased to  10,000  or  even  15,000. 

If  this  industry  should  prove  as  desirable  as  it  appears  likely  to  be,  it  will 
provide  an  enormous  tield  for  the  expansion  of  Norwegian  industry,  for  by 
its  means  there  appears  to  be  profitable  use  for  the  many  very  extensive 
deposits  Norway  possesses  of  iron  ore,  which,  although  of  good  quality,  was 
not  sufficiently  rich  to  export,  and  w^hich  the  lack  of  fuel  prevented  being 
utilised  on  the  spot. 

Similarlv,  great  hopes  are  entertained  that  other  ores — copper,  nickel,  and 
so  forth — will  be  capable  of  being  electrically  smelted  and  perhaps  further 
worked  up  by  means  of  the  '•  White  Coal." 

I  am  not  able  to  go  into  particulars  of  these  various  industries,  which  are 
ulterior  to  the  matter  to  be  considered  this  evening.  I  will,  however,  by 
means  of  a  few  characteristic  examples,  show  you  some  of  the  constructional 
works  executed  at  some  of  our  largest  waterfalls  and  the  natural  surroundings 
which  give  them  their  distinguishing  stamp,  and  which  will  to  some  degree 
show  the  difficulties  that  are  encountered  and  have  to  be  overcome. 

I  will  begin  in  the  eastern  part  of  the  country,  and  then  take  you  through 
the  eastern  valleys  to  the  heart  of  the  mountains  and  across  to  the  western 
fjords. 

Glommen,  the  largest  river  in  Norway,  forms  at  its  lower  end  a  series  of 
falls,  aggregating  about  100  m.  or  (300  feet),  in  a  length  of  about  60  kilometres. 

Of  these,  two  falls  have  been  developed,  and  a  third  is  now  being  similarly 
utilised.  This  river  has  a  discharge  of  up  to  220  cubic  metres  (tons)  per 
second,  even  in  winter,  since  the  latest  regulation  of  the  lake  Mjosen.  The 
uppermost  of  these  three  falls  is  named  Kykkelsrud,  and  is  practically  owned 
by  the  German  firm  Schuckert.  The  fall  can  yield  about  40,000  h.p.  The 
water  is  led  from  above  the  fall  through  a  channel  blasted  in  the  rock.  In  the 
power  station  there  are  at  present  installed  five  sets  of  electric  generating 
machinery  having  3-pliased  alternating  current  with  50  periods  (Fig.  2). 

About  10,000  kilowatts  of  the  power  generated  is  transmitted  by  a  cable, 
50  kilometres  (31  miles)  in  length,  to  Christiania  and  the  neighbourhood, 
and  the  remainder  to  the  town  Sarpsborg,  with  a  voltage  of  60,000  volts  in 
each  case. 

Owing  to  the  great  difference  between  the  level  when  the  river  is  high  or 
low,  the  power  units  are  constructed  with  vertical  axles. 

One  special  feature  in  the  River  Glommen  is  the  enormous  quantity  of 
timber  (last  year  234,000  dozen  logs)  floated  down  during  the  summer  from 
the  vast  forest  districts  of  Eastern  Norway.  This  timber  at  times  causes  con- 
siderable trouble  to  the  power  stations  and  bridges. 

Another  fall  fully  developed  is  that  at  the  town  of  Sarpsborg,  the  last  fall 
of  the  Glommen  (Fig.  3).  Here  are  two  power  stations — Hafslund  on  the 
eastern,  Borregaard  on  the  western  side  of  the  river. 

Hafslund    is    constructed     for   24,000   h.p.,    which    is    chiefly    supplied 
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to  electrochemical  factories,    amongst  them  a  calcium  carbide  factory  and 
zinc  smelting  and  refining  works. 

Hafslund  also  furnishes  power  to  tlie  thickly-populated  district  round  the 
town  of  Fredriksstad.  At  Hafslund  the  power  units  are  also  constructed  on 
vertical  axles. 

Borregaard  is  developed  for  a  total  of  26,000  h.p.,  which  is  exclusively 
used  by  the  large  works  belonging  to  the  proprietors — the  Kellner  Partington 
Paper  Pulp  Company,  Ltd. — who  chiefly  manufacture  wood  pulp  and  cellu- 
lose, but  also  have  a  carbide  factory  and  a  manufactory  for  ferro-silicium. 
These  works  are  the  largest  in  Norway,  and  employ  between  2,000  and  3,000 
hands. 

Vamma,  the  third  of  these  power  stations  on  the  lower  part  of  Glommen 
River,  is  situated  midway  between  the  two  previously  mentioned,  and  is  now 
in  course  of  development.  I  will  dwell  a  little  on  this,  to  show  how  such  an 
establishment  is  constructed. 

The  river  at  this  point  is  about.  200  metres  in  width,  and  the  dam  has  to 
be  built  in  at  least  two  sections.  One-half  of  the  river  is  shut  off  by  a  coffer 
dam  of  wood,  made  as  impervious  to  water  as  possible  (Fig.  4).  The  space 
thus  laid  dry  is  cleared  and  blasted  till  a  foundation  is  obtained  in  the  solid 
rock,  whereupon  the  lower  part  of  the  dam  is  built  up  in  concrete,  leaving 
openings  in  which  large  pipes  are  ti.xed  in  order  to  take  the  water  when 
the  river  is  low  (Fig.  5). 

This  work  can  only  be  done  in  winter,  when  the  river  goes  down  to 
between  100  and  200  cubic  metres  (tons)  per  second.  As,  in  this  case, 
enormous  quantities  of  concrete  are  necessary,  it  was  not  possible  the  first 
winter  to  do  more  than  to  construct  the  foundation  of  the  dam.  In  April 
the  first  flood  may  be  looked  for,  and  everything  must  be  removed  or  it 
will  be  swept  away. 

As  spring  advances  the  water  rises  rapidly,  and  in  the  course  of  a  month 
attains  the  respectable  quantity  of  about  3,000  cubic  metres  (tons)  per  second, 
which  flows  with  tremendous  force  over  the  foundations  of  the  dam,  and 
then  the  timber-floating  begins. 

Of  course  a  passage  over  the  dam,  when  it  is  finished,  has  to  be  provided  • 
for  the  timber  ;  as  this  must  be  made  in  a  manner  deemed  certain  to  work 
efficiently,  the  plans  have  to  be  approved  beforehand  by  a  committee  of 
experts,  but  even  then  it  is  not  easy  to  foresee  what  the  timber  may  do,  and 
at  Vamma  it  has  been  found  that  the  timber  can  pile  itself  up  in  immense 
quantities  in  front  of  the  dam  and  also  at  the  sides,  by  which  considerable 
damage  may  be  done  and  a  lot  of  logs  be  smashed  (Fig.  6). 

If  such  a  "  snag"'  cannot  be  quickly  cleared,  there  is  a  possibility  of  the 
masses  damming  up  the  whole  river  and  incalculable  damage  being  done. 
Last  year  such  a  timber  "  snag  "  occurred  above  one  of  the  railway  bridges 
across  Glommen  at  Fetsund  much  higher  up,  which  for  some  time  threatened 
to  carry  away  the  bridge. 

During  the  autumn  the  water  diminishes,  and  in  November  or  December 
work  may  be  resumed  on  the  dam.  The  discharge  having  gone  down  to 
about  400  cubic  metres  per  second,  it  is  carried  off  through  the  openings  in 
the  foundations,  while  the  other  half,  is  shut  off  by  a  coffer  dam.  This  work 
has  been  carried  on  during  the  wi;iter  and  is  now  almost  completed. 

The  dam  at  Vamma  is  to  have  a  height  of  27^  metres  (about  90  feet),  and 
the  power  station  will  be  in  the  centre  of  the  river-bed  immediately  below 
the  dam.  There  will  be  10  or  12  units  or  sets  of  machinery,  each  of  about 
7,000  h.p.  The  power  will  be  partly  used  for  supplying  light  and  motive 
power,  and  partly  for  a  factory  for  nitrogenous  products. 
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This  Vamma  dam  will  be  one  of  tlie  lar<^cst  in  Pvurope,  and  is  specially 
interesting  as  being  constructed  in  a  rapid  river  discharging  a  very  con- 
siderable amount  ot"  water. 

Before  proceeding  to  describe  some  power  stations  of  a  somewhat 
different  type  in  Telemarken — a  mountainous  district  in  the  southern  part  of 
Norway  on  the  eastern  side  of  the  watershed,  connected  with  the  sea  by 
lakes  and  canals  emerging  into  the  Skiensfjord — I  may  mention  that  there 
are  a  number  of  minor  power  stations  in  the  south  of  Norwaj^  mostly 
supplying  the  towns. 

Thus  Christiania  municipalit\-  own  a  water-power  station  close  to  the  out- 
skirts of  the  city,  Drammen  has  two,  and  the  use  of  electricity  is  increasing 
very  rapidly  there.  The  town  of  Larvik  lias  a  small  electric  power  station, 
and  already  another  and  larger  one  is  projected.  In  Skien  there  is  one,  and 
more  power  is  wanted,  in  Krageroe  there  is  a  power  station  which  affords 
light  and  power  to  the  town  and  uses  the  chief  part  for  a  calcium  carbide 
factory. 

Near  Arendal  there  is  a  power  station,  about  3,000  h.p.,  which  supplies 
light  and  power  to  the  town  and  to  the  towns  Grimstad  and  Riisoer.  In  the 
neighbourhood  of  Arendal  the  construction  of  the  previously  mentioned 
power  station  at  Boilefoss  and  the  Electro- Iron  and  Steel  Works  have  just 
been  commenced. 

In  the  vicinity  of  Christianssand  there  is  a  power  station  supplying  the 
city  and  affording  power  to  the  Badische  Anilin  und  Sodafabrik's  experi- 
mental factory,  and  also  to  nickel  refining  works  in  the  same  neighbourhood. 
These  nickel  works  are  an  entirely  new  industry  in  Norway,  and  appear  most 
promising.  They  obtain  nickel  "  matte  "  (crude  smelted  nickel  ore)  from  the 
Evje  Nickel  Works  Mines,  which  are  also  in  those  parts,  and  they  are  capable 
of  turning  out  about  400  tons  of  pure  nickel  per  annum. 

At  Christianssand  is  also  an  aluminium  factory. 

Of  other  establishments  on  the  south  coast,  I  will  only  mention  a  little 
electro-steel  factory  at  Gjossingfjord,  where  steel  is  manufactured  in  a  steel 
furnace  invented  by  Mr.  Albert  Hiorth.  The  power  used  there  only  amounts, 
however,  to  some  few  hundred  horse-power. 

On  the  west  coast  we  have  a  factory  for  sodium  at  Vadheim,  and  in  the 
north  at  Trondhjem,  The  Meraker  Carbide  and  Smelting  Works  where 
carbide,  ferrochrome  and  ferrotitanium  are  manufactured.  The  city  of 
Trondhjem  has  also,  of  course,  a  power  station  for  supply  to  the  town. 

I.  will  now  revert  to  the  description  of  the  great  power  stations  in 
Telemarken. 

We  have  here,  first  the  Sv;:elgfoss  power  station,  40,000  h.p.,  which  sup- 
plies the  well-known  factory  for  nitrogenous  products  at  Notodden.  This 
power  station  is  of  a  different  type  from  those  described  on  the  Glommen,  as 
the  river  flows  here  with  a  rapid  fall  between  perpendicular  cliffs,  and  the 
power  station  is  constructed  for  a  fall  of  about  50  metres  (165  feet),  with  an 
amount  of  water  very  considerably  smaller  than  in  the  Glommen,  namely,  about 
75  cubic  metres  (tons)  per  second. 

At  the  head  of  the  fall,  where  the  river  is  constructed  in  a  ravine  of  only 
a  few  yards  width,  a  dam  has  been  built  raising  the  original  level  of  the  water 
about  14  metres  (F"ig.  7).  A  tunnel  of  about  45  square  metres  section  leads 
the  water  to  a  reservoir,  from  which  it  is  conveyed  by  four  flumes  through 
the  solid  rock  direct  to  the  turbines  in  the  power  station. 

The  latter  is  placed  in  the  river-bed,  up  against  the  wall  of  the  cliff,  so  that 
it  looks  almost  like  a  swallow's  nest  built  against  the  wall  (Fig.  8). 

In    the  power   station   are  four   sets   of  machinery,  each  of  10,000  h.p. 
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doubtless  still  among  the  largest  in  the  world  (Fig,  9).  They  are,  indeed, 
capable  of  developing  over  13,000  h.p.  each.  The  power  is  transmitted  to 
Xotodden  by  a  cable  4  kilometres  in  length  with  a  voltage  of  10,000  volts. 
The  current  is  3-phased  alternating  of  50  periods. 

By  regulating  the  height  and  outflow  of  some  large  lakes  on  the  high 
mountains,  it  is  believed  that  the  amount  of  water  discharged  by  the  river 
will  be  brought  up  to  about  qo  cubic  metres  (tons)  per  second,  and  in  order 
to  utilise  this  the  Norsk  Hydro-Electric  Nitrogen  Company  have  just  com- 
menced the  construction  of  another  power  station  to  which  the  water  will 
be  conveyed  by  two  long  flumes  from  the  same  reservoir.  The  power 
station  will  be  placed  some  100  metres  further  down  the  river,  and  will 
be  fitted  with  two  sets  of  machinery  each  of  10,000  h.p.,  of  which  one  will 
serve  as  a  reserve  for  both  stations. 

The  Notodden  saltpetre  works  will,  however,  in  the  course  of  the  present 
year  obtain  a  considerable  addition  to  their  available  power,  from  a  station 
which  is  being  installed  about  1,500  metres  down  the  river,  at  Lienfoss.  .\ 
dam  about  17  metres  high  has  been  built  here  right  across  the  river,  and, 
immediately  below  it,  the  power  station  has  been  con'structed  for  15,000  h.p. 
and  a  reserve  of  5,000,  there  being  four  sets  of  5,000  each  (Fig.  10). 

The  machines  work  here,  as  at  Svaslgfoss,  at  a  primary  tension  of  10,000 
volts,  thus  without  any  transformation  of  the  current. 

The  dam  at  Lienfoss  is  entirely  of  concrete,  those  parts  that  flood-water 
will  flow  over  being  faced  with  granite.  By  means  of  flood-gates  at  the 
bottom  of  the  dam,  the  basin  may  be  entirely  emptied  during  the  dry  winter 
season,  and  there  are  various  flood-gates  to  regulate  the  height  of  the  water. 

The  Notodden  saltpetre  factory  is  situated  on  the  shore  of  the  lake  Hiter- 
dalsvand,  and  presents  an  imposing  array  of  buildings.  The  erection  of 
these  factories  has  caused  the  population  of  what  was  in  1904  a  village  of  a 
few  hundred  to  increase  now  to  more  than  5,000. 

The  lake  at  Notodden  is  connected  by  a  canal  with  the  town  of  Skien, 
near  which  a  series  of  sluices  lower  or  raise  vessels  to  or  from  the  sea-level, 
about  15  metres  (or  nearly  50  feet). 

Vessels   up  to  a   couple  of   hundred  tons'  burden  can   thus  pass   direct  ' 
between  the  sea  and  Notodden. 

An  enlargement  of  the  locks  and  of  the  canal  where  necessary  is  con- 
templated, so  as  to  provide  for  the  passage  of  fairly  large  seagoing  vessels 
carrying  up  to  2,000  tons,  which  will  be  of  great  importance  for  the  con- 
veyance  of  raw  materials  and   of  the  products  of  the  factories. 

There  is  another  power  station  at  Notodden,  the  Tinfoss  Works,  which 
will  be  capable  of  yielding  about  15,000  h.p.,  which  is  intended  to 
be  utilised  for  iron-ore  smelting  and  steel  works.  The  Tinfoss  also  affords 
power  to  a  small  carbide  factory  belonging  to  the  Albion  Products 
Company,  Ltd. 

I  cannot  now  enter  into  further  details  regarding  these  factories,  but  will 
proceed  to  describe  the  third  and  most  interesting  of  the  waterfalls  I  wish 
chiefly  to  speak  of  this  evening.  I  refer  to  the  development  of  the 
Kjukanfoss  falls. 

The  Rjukanfoss,  or  Reeking,  waterfall,  so  called  from  tlie  cloud  of  smoke- 
like spray  rising  above  the  chasm^nto  which  the  river— here  called  Maaneely, 
or  Moon,  River — precipitates  itself,  is,  as  it  were,  in  the  heart  of  the  moun- 
tains, and  has  become  one  of  the  best  known  and  most  celebrated  waterfalls 
in  Norway  since  it  was  discovered  or  revealed  and  .sung  about  little  more 
than  half  a  century  ago. 

In  order  to  utilise  the  power  obtainable,  the  Rjukan  Company  have  con- 
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stnictcd  a  railway  from  Xotoddcn  to  the  south  end  of  Lake  Tinsjo,  a 
distance  of  32  kilometres  (or  just  20  Knglish  miles).  The  Norsk  Hydro- 
Electric  Company  have  built  a  dam  at  the  outlet  of  the  lake.  Tliis  dam  is 
of  concrete  with  unusually  wide  and  deep  foundations,  as  no  solid  rock  was 
reached,  the  natural  barrier  consisting  entirely  of  stones  and  gravel  and  sand. 

This  dam  for  regulating  the  flow  from  the  lake,  raises  the  level  4  metres, 
and  thus  provides  a  reservoir  of  250  million  cubic  metres  (or  tons)  of  water. 

The  terminus  of  this  line  immediately  adjoins  the  dam,  and  the  train  is 
there  run  on  to  a  steam  ferry,  which  in  two  hours  brings  it  to  the  western  bay 
called  Vestf  jord,  near  the  head  of  the  lake — at  the  entrance  to  the  Vestf  jord- 
dal.  This  is  a  narrow  valley  with  steep  sides,  thickly  timbered  in  most  parts. 
On  the  southern  side  of  Vestfjorddalen  the  highest  mountain  in  southern 
Norway  Gausta-fjeld,  rises  to  a  height  of  about  6,200  feet,  and  at  the  end  of 
the  valley  is  the  Rjukanfoss.  The  train  then  proceeds  up  the  Vestfjord-dal 
as  far  as  Saaheim,  a  little  over  16  kilometres  (or  10  miles). 

Before  describing  the  vast  works  in  course  of  construction  there,  I  will 
say  a  little  more  about  the  mountain  lake  Mosvand,  which  I  referred  to 
earlier  as  providing  the  vast  reservoir  of  about  840  million  cubic  metres  (or 
tons)  of  water,  the  outlet  of  the  lake  having  been  furnished  with  a  dam 
regulating  the  level  of  the  lake  to  a  height   of  14  metres  (over  46  feet). 

The  dam  at  Mosvand  is  entirely  of  concrete,  with  flood-gates  by  which 
the  flow  of  water  can  be  accurately  and  at  all  times  regulated.  A  weir  is 
provided,  to  prevent  the  water  flowing  over  the  dam  itself  when  the 
reservoir  is  full  (Fig.  11). 

The  building  of  the  dam  was  attended  with  considerable  difticultics,  for 
it  is  at  an  altitude  of  900  metres  (or  3,000  feet)  above  the  sea,  which  means  a 
great  deal  in  those  latitudes,  and  on  the  high  mountain  wilds ;  and  as  such 
work  has  to  be  done  mostly  in  the  winter  months,  you  will  understand  that 
Arctic  conditions  of  chmate  frequently  prevail.  And  it  must  be  recollected 
that  there  were  then  no  railway,  no  large  steamers,  no  roads  for  miles,  so 
everything  had  to  be  transported  by  carts  and  barges  and  finally  by  sledges 
up  to  these  inhospitable  regions,  so  the  work  was  attended  with  considerable 
expense  pecuniarih',  and  b}^  the  sacrifice  of  much  personal  comfort  by  those 
who  conducted  the  operations. 

About  8  kilometres  (or  5  miles)  below  the  Mosvand  dam,  is  another  dam, 
forming  the  intake  for  the  power  station.  A  tunnel  of  4  kilometres  in  length 
and  25  square  metres  in  section,  conveys  the  water  to  a  reservoir  entirely 
blasted  out  of  the  solid  rocks  at  the  top  of  the  southern  slope  of  the  valley. 

The  tunnel  (to  the  power  station)  is  in  the  southern  face  of  the  hill,  and 
has  a  fall  of  i  in  300.  It  was  made  by  driving  adits  into  the  rock  at  certain 
intervals  from  outside,  and  when  these  had  reached  the  prescribed  position, 
tunnelling  right  and  left  parallel  with  the  face  of  the  cliff.  The  rock 
excavated  was  brought  out  through  the  adits  and  forms  dumps  below  which 
mark  the  position  of  the  tunnel. 

Three  hundred  metres  (or  1,000  feet)  below  this,  is  tlie  power  station,  the 
water  being  brought  down  in  ten  huge  flumes  placed  together  like  gigantic 
organ-pipes.  The  ten  flumes  are  placed  on  foundations  at  regular  intervals  ; 
the  mountain-side  had  to  be  entirely  denuded  of  earth  and  stone,  so  that  the 
foundations  or  beds  could  be  laid  on  solid  rock  (P'ig.  12). 

The  power  station  is  situated  on  a  niche  or  shelf  recessed  in  the  rock, 
from  which  there  was  formerly  no  means  of  communication  with  the  other 
side,  where  the  road  lies.  As  soon  as  the  water  has  passed  the  turbines 
there,  it  is  conveyed  by  another  tunnel  about  5  kilometres  in  length  to  a 
place  close  to  the  factories  where  another  fall  of  300  metres  brings  it  to — 
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Power  Station  No.  2,  of  about  the  same  size  as  the  first,  namely,  140,000  li.p. 

The  natural  surroundings  render  the  work  particularly  difficult,  the  whole 
valley,  through  which  the  river  runs,  being  for  several  kilometres  below  the 
Rjukanfoss  a  huge  chasm  with  perpendicular  sides  hundreds  of  metres  in 
height. 

Connection  between  the  power  station  and  the  opposite  side  is  formed 
by  a  suspension  bridge  of  100  metres  span,  the  roadway  of  which  is  about 
100  metres  above  the  river-bed. 

Dwellings  for  the  engineers  and  employees  are  on  the  north  side  of  the 
valley.  The  mountains  are  so  high  and  steep  that  for  months  in  each  year 
the  sunshine  never  reaches  the  dwellings. 

From  the  plateau  on  which  the  power  station  and  the  buildings  ^re 
situated,  the  road  winds  rapidly  down  to  the  valle)'.  A  railroad  blasted  out 
of  the  very  steep  hill-side  goes  from  the  power  station  down  to  the  factorie> 
at  which  the  terminal  station  of  the  railway  proper  is  situated.  The  line  to 
the  power  station  was  built  to  bripg  the  heavy  machinery  right  up  to  the 
power  station. 

There  are  10  units  or  sets  of  machinery  each  of  14,000  h.p. 

The  turbines,  on  account  of  the  great  height  of  the  fall,  are  Pelton  wheels, 
and  the  generators,  owing  to  the  difficult}'  of  making  such  large  units,  arc 
constructed  as  double  generators. 

The  most  important  thing  in  power  stations  with  so  great  a  fall  is  the 
arrangement  of  the  turbines  and  their  regulators  and  the  flumes,  which  arc 
subject  to  a  pressure  at  Rjukan  of  up  to  30  atmospheres.  The  lower  part  of 
the  flumes  are  therefore  made  of  welded  plate  of  great  thickness — up  to 
25  millimetres  (i  inch).  The  diameter  of  each  pipe  is  1*5  metre  (one  metre 
and  a  half) — just  on  5  feet.  The  upper  half  of  the  flumes,  where  the  pressure 
is  less,  are  made  of  riveted  steel  plate. 

The  working  voltage  is  here,  as  at  the  Svc-elgfoss  and  other  establishments 
connected  with  Xotodden,  10,000  volts,  the  current  being  3-phased  alter- 
nating of  50  periods. 

The  power  is  transmitted  through  60  wires,  partly  copper  and  partly 
aluminium,  to  Saaheim,  where  the  factories  are  situated.  These  factories, 
which  like  those  at  Notodden,  are  intended  for  the  manufacture  of  nitro- 
genous products,  cover  a  large  space.  Thus,  the  electric  furnaces  cover 
8,000  square  metres — that  is,  over  86,000  square  feet— and  the  absorption 
towers  a  similar  area. 

As  there  were  no  habitations  formerly  at  this  spot,  the  Company  has 
built  a  whole  town  of  workmen's  houses  and  residences  for  the  staff  and 
others,  and  has  laid  out  streets  with  water-supply  and  drainage  and  every- 
thing else  necessary  for  a  large  population.  As  the  factories. will  employ 
between  2,000  and  3,000  workpeople,  Saaheim  will  become  a  town  of  10,000 
or  12,000  inhabitants  when  the  factories  start  work. 

The  execution  of  this  great  enterprise  naturally  necessitates  an  enormous 
expenditure  of  capital,  but  the  cost  of  the  power  obtained  will  nevertheless 
be  extraordinarily  low,  owing  to  the  magnitude  of  the  concern. 

This  vast  work  has  been  accomplished  on  behalf  of  a  group  of  German 
companies  represented  by  the  Badische  Anilin  und  Sodafabrik  in  partnership 
with  the  Norwegian  Hydro-Electric  Nitrogen  Company,  and  it  will  possess 
incomparably  the  largest  power  station  in  Europe. 

The  initiative  to  this  gigantic  work  was  given  by  Mr.  Samuel  Eydc,  civil 
engineer,  who,  as  3'ou  are  aware,  together  with  Professor  Birkeland,  first 
succeeded  in  making  the  synthetic  saltpetre  manufacture  a  practical  industry. 

I  shall  now  give  a  short  description  of  another  estabhshment  which  is 
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specially  characteristic  of  the  waterfalls  on  the  west  coast.  I  refer  to  the 
Tysscfalls  in  the  Hardangerford,  some  few  kilometres  north  of  Odda,  a  place 
well-known  to  tourists. 

The  Tysse  River  has,  as  you  will  see  from  the  hydrographic  chart,  a 
relatively  very  small  catchment  hasin,  only  350  square  kilometres,  and  the 
river  proper  has  an  aggregate  fall  of  400  metres  in  a  length  of  5  kilometres. 
The  catchment  basin  is  nearly  circular,  and  includes  a  whole  number  of 
lakes  which  empty  themselves  into  the  Ringedalsvand,  a  large  lake,  at  the 
head  of  which  is  the  celebrated  and  beautiful  Skjasggedalsfoss. 

By  means  of  all  these  lakes  an  ideal  regulation  of  the  water-supply  can 
be  accomplished.  The  Ringedalsvand  is  particularly  adopted  for  the  purpose 
of  a  reservoir,  as  a  height  of  about  30  metres  (100  feet)  can  be  obtained, 
partly  bv  raising  the  level  by  a  dam,  partly  by  lowering  it  by  means  of 
an  artificial  outlet. 

The.primarv  regulating  work  has  raised  the  minimum  of  the  discharge, 
which  could  be  as  low  as  i  cubic  metre  per  second,  to  10  or  12  metre> 
— that  is  to  say,  that  instead  of  going  down  at  times  to  about  4,000  h.p., 
a  minimum  of  40,000  or  50,000  is  easily  maintained. 

From  the  Ringedalsvand,  the  river  runs  through  a  couple  of  very  small 
lakes,  to  the  place  where  it  enters  a  tunnel  which  leads  it  through  the  hill 
above  the  fjord  to  the  face  of  the  cliff,  whence  it  is  brought  down  in  flumes 
or  pipes  700  metres  long  to  the  power  station  on  the  shore  below. 

The  scenery  is  here  most  wild  and  beautiful.  On  the  opposite  side  of  this 
part  of  the  Hardangerfjord,  which  is  called  Sorfjorden,  is  the  high  range 
forming  a  peninsula  on  which  the  great  Folgefond  Glacier  is  situated.  This 
glacier  acts  as  a  huge  accumulator  of  moisture  which  is  not  only  precipitated 
on  the  mountains  there  but  also  on  those  on  the  opposite  side  of  the  fjord. 
There  is,  therefore,  an  abundant  rainfall  within  the  Tyssefalls  catchment, 
estimated  about  1,500  or  2,000  millimetres  annually. 

Owing  to  the  very  steep  and  mountainous  nature  of  the  country  the 
difficulties  presented  were  of  course  very  considerable.  The  tunnel,  3^^  kilo- 
metres (over  two  English  miles)  in  length,  and  which  is  at  a  height  of 
400  metres  (or  over  1,320  feet)  above  the  fjord,  is,  like  the  other  tunnels  I  have 
described,  constructed  by  first  driving  adits  from  outside  tlie  face  of  the  cliff, 
and  these  have  in  most  instances  been  unusually  difficult  of  access.  Attempts 
were  made  to  place  huts  for  the  men  as  near  their  work  as  possible,  but 
there  was  frequently  not  much  building  site  available.  All  the  materials  and 
implements  had  to  be  carried  up  on  men's  backs,  or  to  be  hcisted  up  by  little 
aerial  ropeways. 

Placing  the  flumes  or  water-pipes,  and  making  the  foundation  for  them, 
was  not  less  difiicult.  Not  only  had  the  bed  to  be  blasted  out  of  the  face  of  a 
cliff  so  steep  that  most  of  the  dislodged  fragments  went  right  into  the  fjord, 
but  some  of  the  flumes  lie  against  a  perfectly  smooth  precipice  which  rises  at 
an  angle  of  60'^  about  half-way  up  the  hillside  for  a  distance  of  about 
100  metres  (330  feet).  It  was  necessary  at  first  to  fix  ladders  by  iron  bolts  to 
the  cliff,  until  footholds  could  be  cut  in  the  rock  to  enable  work  to  be  begun 
at  this  spot  (Fig.  13). 

The  laying  of  the  pipes  was  accomplished  with  the  aid  of  a  Decauville 
rail  track,  which  was  laid  from  the  fjord  right  up  to  the  discharging  reservoir. 
The  trucks  were  hauled  up  by  a  wire  rope,  which  went  over  a  roller  at  the 
extreme  top,  and  which  was  worked  by  an  electric  windlass  placed  about  half- 
way up  the  precipitous  slope. 

Notwithstanding  the  many  risks  and  the  difficulties  encountered,  the 
entire  undertaking  was  carried  out  without  a  single  man  being  injured. 
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The  power  station  (Fig.  14)  contains  seven  sets  of  machinery,  each  of 
4,500  h.p.  (Fig.  15),  and  the  power  is  transmitted  at  a  primary  tension  of 
12,000  volts  by  cables  on  two  rows  of  posts  to  Odda,  where  it  is  used  in  the 
large  calcium  carbide  works  belonging  to  the  Alby  United  Carbide  Factories, 
Ltd.,  and  also  by  the  cyanamide  works  of  the  Xorth-Western  Cyanamide 
Company,  Ltd. 

The  turbines  are  Pelton  wheels  (Fig.  15,  16),  constructed  by  the  well- 
known  Swiss  firm,  Escher  Wyss  et  Cie,  and  the  generators  are  built  by 
Allmiinna  Sevenska  Elektrisk  Aktiebolag  at  Westeras  in  Sweden. 

Some  of  the  power  will  also  after  this  summer  be  utilised  by  the  Hardanger 
Electric  Iron  and  Steel  Works,  the  first  in  Norway  to  smelt  iron  ore  and 
produce  iron  and  steel  by  the  processes  patented  b\'  the  Swedish  Elektro- 
metall  Company. 

In  taking  the  cable  to  Odda  considerable  difficulties  were  also  met  with, 
especially  the  risk  of  the  communication  being  severed  and  v.ocks  thus 
stopped  by  avalanches  or  rocks  falling  from  a  very  steep  cliff,  along  which 
the  cable  had  to  be  carried  for  a  length  of  about  2  kilometres  (a  mile  and  a 
quarter).  Several  such  stoppages  having  occurred'  the  first  year,  it  was 
decided  to  pass  the  cable  through  a  tunnel  in  the  cliff,  and  this  has  been 
accomplished  with  the  most  satisfactory  result. 

The  factories  at  Odda  are  situated  on  the  stretch  of  level  valley  on  which 
the  village  and  the  hotels  stand.  The  establishment  of  these  factories  has^ 
naturally  caused  a  rapid  increase  in  the  population  of  the  village  and  neigh- 
bourhood, which  has  already  doubled  and  is  certain  to  be  very  greatly 
increased.  The  companies  have  built  rows  of  nice-looking  workmen's 
dwellings,  and  the  little  town  is  of  course  furnished  with  electric  light  and 
modern  drainage,  water-supply,  &c. 

Further  developments  are  projected  for  this  unique  power  station  (Tysse),- 
which  it  is  estimated  will  be  capable  of  yielding  from  80,000  to  100,000  h.p, 
when  the  water-supply  has  been  fully  regulated.  It  is  not  yet  determined  to 
what  uses  the  remainder  of  the  power  shall  be  applied,  but  both  zinc  smelting 
works  and  iron  works  have  been  spoken  of,  and  the  enlargement  of  the  power 
station  has  been  resolved  upon. 

Time  will  not  permit  me  to  enter  further  into  the  details  respecting  this 
large  power  station.  I  hope,  however,  that  this  short  account  will  have  given 
you  some  idea  of  the  various  types  of  power  stations  in  Norway,  and  of  the 
altered  conditions  they  can  create  in  the  districts  in  which  they  are  situated 
or  to  which  they  furnish  electric  power. 

There  are  many  who  are  of  opinion  that  the  industrial  expansion  now 
commencing  is  a  misfortune  to  the  country.  I  do  not,  however,  think  you 
are  likely  to  share  such  -views.  The  people  who  grow  up  around  these 
establishments,  which  are,  as  a  rule,  far  distant  from  large  towns,  will  live 
under  much  better  conditions  than  those  of  the  working  classes  in  most 
towns.  They  will  live  in  healthly  surroundings,  with  pure  air  and  in 
excellent  houses.  They  work  with  the  "  White  Coal,"  which  is  infinitely 
more  cleanly  than  the  black.  And,  above  all,  these  industries  will  bring 
wealth  to  the  country  and  provide  employment  for  thousands  and  tens 
of  thousands  of  Norsemen  who  would  otherwise  have  had  to  seek  work 
abroad.  ■  , 

And,  with  regard  to  the  regret  expressed  on  account  of  the  destruction  of 
magnificent  waterfalls  and  the  creation  of  busy  factories  and  populous  working 
townships  in  some  of  the  most  picturesque  and  uninhabited  parts,  I  will  only 
observe  that  Norway  will  still  possess  much  beautiful  scenery,  fjords,  fjelds, 
and  fosses,  into  which  such  prosaic  undertakings  will  never  come,  so  that  the 
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true  lover  of  nature  will  always  Iwid  plenty  of  room  to  enjoy  glorious  scenery 
untouched  by  the  hand  of  man. 

Kut,  in  the  same  way  as  the  charms  of  wild  natural  scenery  appeal  to  the 
overwrought,  busy  people  of  to-day,  there  arc  also  those  who  feel  a  call  to 
utilise  those  great  natural  resources  in  order  to  improve  the  material 
prosperity  of  the  country  and  the  condition  of  the  people. 

Surely  there  is  room  for  both  classes,  and  surely  the  land  that  is  in  a 
position  amply  to  satisfy  them  both,  must  be  considered  to  be  fortunately 
situated,  with  wealth  and  prosperity  as  well  as  wealth  of  scenery. 


DISCUSSIOX. 

The  Norwegian  Minister,  Mr.  B.  Vogt,  expressed  his  thanks  to  the 
Society  for  the  opportunity  he  had  been  afforded  of  being  present  at  the 
reading  of  Mr.  Scott-Hansen's  Paper. 

Dr.  F.  Mollwo  Perkin  said  it  had  been  a  pleasure  to  hear  the  Paper  and 
see  the  splendid  photographs  which  Mr.  Scott-Hansen  had  shown  them.  He 
agreed  that  much  could  be  done  in  the  way  of  conserving  energy  without 
destruction  of  beautiful  scenery. 

We,  in  this  country,  had  reason  to  be  grateful  for  these  developments  in 
Norway,  which  gave  us  fertilisers,  and  thus  enabled  us  to  improve  the  agri- 
cultural conditions  and  thereby  the  health  and  strength  of  our  countrymen. 

He  emphasised  the  fact  that  cheapness  was  a  great  characteristic  of  h5'dro- 
electric  power  in  Xorwav. 

Mr.  W.  Murray  Morrison  agreed  that  the  Faraday  Society  owed  a 
great  debt  of  gratitude  to  Mr.  Scott-Hansen  for  his  exceedingly  interesting 
Paper.  He  himself,  in  a  small  way,  had  something  to  do  with  the  great 
development  of  water  power  in  Norway,  having  designed  and  carried  out  one 
of  the  schemes  referred  to,  and  it  had  been  his  privilege  to  see  most  of  what 
had  been  described  in  the  Paper. 

Norway  was,  in  many  ways,  much  more  advanced  than  we  were  here.  For 
example,  it  was  very  easy  to  obtain  hydrographical  data  from  the  Govern- 
ment (data  originally  collected  and  published  in  connection  with  the  salmon 
fishing  and  the  timber  industries).  Rainfall  records,  drainage  areas,  height  of 
waterfalls  and  similar  data  are  collected,  tabulated,  and  published  by  a 
Government  official  permanently  employed  for  the  purpose.  This  was  an 
instance  of  how  our  Government  might  take  a  lesson  from  Norway. 

He  agreed  with  Dr.  Perkin  with  regard  to  the  surprising  cheapness  of 
Norwegian  water  power.  He  believed  that  from  some  falls  the  figure  feU 
substantially  below  the  22s.  per  e.h.p.  year  mentioned  by  Mr.  Scott-Hansen  ; 
perhaps,  indeed,  as  low  as  15s.  or  i6s.,  including  ail  capital  and  running 
charges.  Such  a  figure  could  not,  of  course,  be  approximated  to  in  tliis 
country,  although  we  had  other  advantages  as  an  offset.  He  was  glad  to 
think  that  Englishmen  had  had  something  to  do  with  water-power  develop- 
ment in  Norway,  but  lie  ventured  to  express  the  hope  that  the  members  of  the 
Norwegian  "  Storthing  "  would  agree  to  and  act  upon  the  views  expressed 
in  the  last  paragraph  of  the  Paper.  It  was,  under  the  present  conditions, 
difficult  to  attract  capital  to  Norway,  and  he  hoped  Mr,  Scott-Hansen  and  his 
friends  would  get  over  these  difficulties,  and  enable  the  much-needed  capital 
to  be  brought  into  Norway  free  of  onerous  Government  conditions. 

Mr.  F.  "W.  Harbord  said  lie  had  just  returned  from  Norway  and 
Sweden,  and  it  gave  him,  therefore,  special  pleasure  to  hear  what  Mr.  Scott- 
Hansen  had  to  say.     He  had  been  much  struck  by  t!ie  great  activity  he  had 
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found  in  Norway  in  the  development  of  the  schemes  referred  to  in  the  Paper, 
and  the  utiHsation  of  electric  energy  in  various  new  directions. 

There  were  one  or  two  points  of  metallurgical  interest  which  he  would 
like  to  emphasise.  At  Trollhiittan  they  were  making  iron  in  the  electric 
furnaces  equal  to  the  best  charcoal  iron  on  quite  a  commercial  scale,  and 
plants  were  now  being  put  down  by  several  works  to  replace  charcoal  fur- 
naces for  the  smelting  of  Swedish  iron. 

He  did  not  believe  that  we  should  ever  have  to  compete  with  the  electric 
furnace  as  regards  iron-smelting  in  this  country,  but  probably  in  some  other 
metallurgical  processes,  such  as  zinc-smelting,  it  might  prove  a  serious  com- 
petitor, as  there  were  already  two  works  producing  zinc  on  a  commercial 
scale  in  electric  furnaces. 

Another  promising  industry  in  which  electric  energy  was  being  utilised 
was  the  manufacture  of  soluble  phosphates,  in  view  of  the  large  deposits  of 
apatite  found  in  Sweden. 

He  agreed  with  the  previous  spqakers  that  there  was  no  reason  why  the 
beauty  of  the  falls  should  be  destroyed  by  the  utilisation  of  the  water  power, 
but  the  useful  and  the  beautiful  might  very  well,  hi  the  majority  of  cases, 
co-exist. 

Mr.  Lewis  A.  Smart  said  that,  contrary  to  what  might  be  inferred  from 
the  remarks  of  those  who  had  as  yet  taken  part  in  the  discussion,  the  manu- 
facture of  calcium  carbide  w^as  really  the  largest  electrochemical  industry 
in  Norway,  and  not  the  manufacture  of  nitrates.  He  was  a  great  believer 
in  the  future  of  the  electrothermic  smelting  of  Norwegian  iron  ore,  and 
particularly  the  magnetic  variety  thereof,  much  of  which  was  not  rich  enough 
for  export,  but  contained  sufficient  lime  to  be  self-fliixing.  Magnetic  iron  ore 
is  too  hard  for  the  English  smelters,  and  much  of  it  requires  previous  concen- 
trating, hence  briquctting,  all  of  which  means  expense  to  suit  the  English 
market,  whereas  if  cheap  water  power  be  available  near  the  mines,  as  is  the 
case  in  Scandinavia,  these  magnetic  iron  ores  and  even  those  only  classed  as 
low-grade  can  be  turned  into  first-class  steel  billets,  with  a  very  large  margin 
of  profit  at  present  prices.  It  is  a  recognised  fact  that  if  the  grinding  be 
sufficiently  fine,  the  concentrating  of  iron  ore  removes  the  phosphorus,  which 
is  a  very  great  benefit. 

Like  the  last  two  speakers,  he  had  also  seen  most  of  the  installations 
referred  to  by  the  lecturer,  and  he  welcomed,  very  heartily,  Mr.  Scott- 
Hansen's  Paper,  which  was  just  the  kind  of  practical  treatise  he  had  always 
suggested  should  be  encouraged  in  order  to  broaden  the  basis  of  the  Society 
by  making  it  appeal  also  to  others  than  those  who  are  interested  solely  in  the 
extremely  technical  branches  of  the  industry.  He  put  forward  the  suggestion 
that  it  might  be  possible  to  arrange  a  summer  meeting  of  the  Society  in 
Norway,  which  would  do  much  towards  making  its  aims,  objects  and  benefits 
more  widely  known,  and  he  was  most  strongly  of  opinion  the  benefits  arising 
from  seeing  how  the  practical,  theoretical,  and  financial  considerations  had 
been  developed,  with  mutual  assistance,  side  by  side,  would  be  most  valuable 
to  the  Faraday  Society.  From  his  own  reception  by  the  various  leaders  of 
this  industry  in  Norway,  he  felt  sure  the  members  of  the  Society  would  receive 
a  hearty  welcome  from  the  Norwegians,  who  would  allow  the  members  of 
the  Society  to  inspect  the  existing  ^ctories  and  works  which  Mr.  Scott-Hansen 
had  so  very  ably  described. 

Mr.  Charles  Weiss  thought  that  the  Paper  they  had  just  heard  was  of 
such  great  interest  from  the  engineering  point  of  view  that  even  the  old 
engineering  societies  might  well  envy  the  Faraday  Society. 

In  one  point  he  would   like  to  amplify  what   Mr.  Scott-Hansen  said.     A 
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proposition  was  now  beinji  discussed  for  the  establishment  of  electrolytic 
copper  refining  in  Norway,  which  would  probably  be  worked  in  connection 
with  the  direct  electric  smelting  of  tlie  ore. 

He  would  like  to  ask  the  Author  whether  the  Birkeland-Eyde  or  the 
I^dische-Anilin  Process  was  the  more  economical.  It  had  been  stated  that 
these  two  methods  would  be  tried  side  by  side,  and  the  more  economical  of 
them  adopted  bv  the  companies. 

Mr.  A.  Scott-Hansen,  in  replying  to  the  last  speaker  first,  said  that  the 
Badische  Anilin  Company  were  working  in  conjunction  with  the  Norwegian 
Hydro-electric  Company.  Many  experiments  had  been  made  with  the  two  types 
of  furnace,  but  he  could  not  at  present  say  which  was  the  better.  At  Rjukan 
four  out  of  five  of  the  furnaces  installed  were  of  the  Badische  and  one  of  the 
Birkeland-Eyde  type.  The  difference  between  them  was  small,  but  whereas 
the  former  until  now  was  only  made  in  units  of  800  kilowatts,  the  latter  has 
been  made  in  units  as  high  as  4,000  kilowatts  each,  and  this  of  course  meant 
greater  efficiency. 

With  regard  to  the  political  question  raised  in  the  discussion  he  could  not 
say  very  much.  He  could  onl}'  express  the  belief  that  things  would  right 
themselves  in  time. 

He  hoped  that  the  members  of  the  Society  would  come  and  see  with  their 
own  eyes  the  great  developments  that  were  taking  place  in  Norway;  he  could 
assure  them  of  a  hearty  welcome. 


INTERNAL,  MOLECULAR,  OR  INTRINSIC  PRESSURE— A 
SURVEY  OF  THE  VARIOUS  EXPRESSIONS  PROPOSED 
FOR   ITS   DETERMINATION. 

By   \Vm.    C.    McC.    lewis,   M.A.,   D.Sc,  Physical  Chemistry  Laboratory, 
University  College,  London. 

(A  Paper  read  before  the  Faraday  Sociely,  Tuesday,  May  2,  1911,  Mu.  James 
Swinburne,  F.R.S.,  President,  in  the  Chair.) 

Thomas  Young  =■•  in  1805  was  the  first  to  suggest  that  the  phenomenon  of 
surface  tension  was  to  be  attributed  to  the  mutual  attraction  of  the  parts  of 
the  liquid,  acting  through  a  very  small  range,  these  same  forces  giving  rise  to 
the  phenomenon  of  cohesion  in  liquids  and  solids.  Along  with  these  cohesive 
forces  we  have  likewise  to  postulate  repulsive  forces  in  operation,  the  distri- 
bution of  the  material  in  space  being  determined  by  the  relative  effects  of 
these  opposing  agencies.  Laplace,  whose  name  is  generally  quoted  as  the 
originator  of  these  ideas,  was  the  first  to  give  them  mathematical  expression. 
The  cohesive  force  per  unit  area,  or  pull  per  square  cm.,  between  two  semi- 
infinite  masses  denoted  by  K  was  shown  by  Laplace  to  be  expressible  as  the 
product  of  two  terms — one  a  density  term,  the  other  an  integral,  thus — 


=.r 


4.iz)dz 


The  upper  limit  of  the  integral  denotes  that  value  of  z  for  which  \l/{z)  vanishes. 
This  limit  c  is  called  tlie  range  of  molecular  action. 

It  must  be  remembered  that  Laplace  took  a  static  and  not  a  dynamic  view 
of  the  constitution  of  matter.  On  such  a  view  the  idea  of  repulsive  forces  is 
rather  an  artificial  one,  being  simply  introduced  because  something  of  the 
kind  is  necessary.  On  the  kinetic  view,  however,  the  supposition  of  such 
opposing  effects  becomes  at  least  a  reasonable  one.  Calling  p  the  vapour 
pressure  of  the  liquid,  9  the  thermal  pressure,  i.e.,  the  effective  pressure,  of 
the  nature  of  a  repulsion  having  its  origin  in  the  kinetic  energy  of  the  mole- 
cules, these  being  regarded  as  distributing  themselves  in  space  at  an  average 
distance  apart  as  the  result  of  continuously  recurring  collisions,  equilibrium 
("temperature  equilibrium  ")  is  established,  when  we  have  the  relation — 

p  +  K  =  e. 

Now  since  p  is  very  small  compared  to  K  for  liquids  and  solids,  we  can 
write  with  very  great  accuracy  indeed — 

K  =  e. 

It  is  therefore  immaterial,  sd  far  as  numerical  values  are  concerned, 
whether  we  fix  our  attention  on  the  internal  pressure  or  on  the  thermal 
pressure,  which  acts  in  the  opposite  sense.    Having  defined  the  term  internal, 

•  Cf.  Lord  Rayleigh,  Phil.  Mag.,  30,  285-298,  456-475,  1890.  Likewise  Scientific 
Papers,  vol.  iii.,  p.  S97- 

•r 
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or,  as  it  is  sometimes  called,  molecular  or  intrinsic  (Rayleigh)  pressure,  wc 
may  proceed  to  consider  the  attempts  which  have  been  made  from  time  to 
time  to  tjive  it  numerical  expression. 

Thomas  Young's  Esliiiinie  of  the  Internal  Pressure  of  Liquid  Water. 
The  values  which  one  obtains  of  the  tensile  strength  of  soHds  (say  in  the 
form  of  wire)  give  a  measure — or  at  least  mark  an  inferior  limit — of  the 
cohesive  forces  existing  in  sucli  bodies  ;  so  that  Young,  in  determining  his 
moduli  of  elasticity,  was  in  a  position  to  gain  some  idea  of  the  magnitude  ot 
K  in  these  cases.  Young's  estimate  of  the  internal  pressure  of  water  is 
23,000  atmospheres.  With  regard  to  it  Rayleigh  {loc.  cit.)  says,  "  It  is  not 
clear  upon  what  basis  he  proceeded,  but  a  chance  remark  suggests  that  it 
may  have  been  upon  the  assumption  that  cohesion  was  of  the  same  order  of 
magnitude  in  liquids  and  solids.  Against  this  it  may  be  objected  that  the 
estimate  is  unduly  high.  Even  steel  is  scarcely  capable  of  withstanding  a 
tension  of  23,000  atmospheres." 

Duprc's  Formula. 

In  1865  in  the  Annates  de  Chimie  et  de  Physique,  6,  283,  and  later  in  the 
Theorie  Mccanique  de  la  Chaleur,  Paris,  1869,  A.  Dupre  suggested  a  rather 
novel  method  of  obtaining  values  for  K.  It  was  based  on  considerations  of 
energy  which  involve  the  first  law  of  thermodynamics  but  not  the  second. 
It  is  evident  that  K  may  be  taken  as  numerically  identical  with  the  internal 
work  done  per  unit  volume  of  liquid  against  the  molecular  attractive  forces 
when  the  molecules  are  supposed  to  have  been  pulled  apart  outside  the 
range  of  their  mutual  action.  Now  relatively  to  a  liquid  we  may  regard  a 
vapour  as  approximately  representing  a  state  in  which  the  molecules  arc  out- 
side the  limiting  range  referred  to.  Of  course  this  is  not  strictly  true  (as 
otherwise  there  would  be  no  necessity  for  an  equation  such  as  that  of  van  der 
Waals  to  be  applied  to  vapours),  but  it  is  safe  to  assume  that  the  value  of  K 
in  the  vapour  state  is  extremely  small  compared  to  its  value  for  the  same 
substance  in  the  liquid  form  at  ordinary  temperatures.  Hence  the  internal 
work  done  in  vaporising  unit  volume  of  a  liquid,  that  is  to  say,  K,  should  be 
identical  with  the  internal  latent  heat  of  vaporisation  per  unit  volume — call  it 
L,- — provided  molecular  forces  do  not  alter  u-ith  temperature.  What  Dupre 
really  did  was  to  equate  internal  energy  to  an  internal  work  term,  his  relation 
being  expressed — 

K=L.  =  ^;, 

where  X,  refers  to  one  gram  and  7>  is  the  specific  volume. 

Applying  this  relation  to  the  case  of  water,  for  example,  at  ordinary  tem- 
perature, the  internal  latent  heat  per  gram  is  570  cals.  This  may  also  be 
taken  as  referring  to  unit  volume.     Hence — 

Kh^o  =  57°  ^  4"2  X  10''  ergs  per  c.c.  or  dynes  per  cm.^ 
^  23,900  atm./sq.  cm. 

It  will  be  observed  how  extraordinarily  close  Young's  estimate  is  to  this. 
In  the  case  of  ethyl  ether,  proceeding  in  the  same  way,  we  obtain — 

K(c.H5),o  =  2,426  atm. 
For  ethyl  alcohol — 

K^HsOH  =  7,266  atm. 
For  carbon  bisulphide — 

Kcs,  =  4.704  atm. 
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These  values  are  no  doubt  of  the  correct  order  of  magnitude — and  it  will 
be  seen  that  we  are  dealing  with  extraordinarily  large  quantities — but 
more  than  this  cannot  be  said.  On  introducing  the  principle  of  the  second 
law  of  thermodynamics  into  Dupre's  considerations,  it  seems  reasonable  to 
expect  a  relation  of  the  ordinary  form  — 


It  must  be  remembered,  however,  that  thermodynamic  work  terms  are 
essentially  external  work  terms.  The  relation  of  K  to  L,  appears,  however, 
to  be  analogous  to  the  relation  of  A  to  Q  in  ordinary  cases. 

To  evaluate  this  we  must  know  something  about  the  variation  of  K  with  T, 
and  so  far  this  has  not  been  possible. 

Dupre  *  had  already  suggested  another  important  relationship,  which  may 
be  most  conveniently  put  in  the  form — 

where- 

a,  =  coefficient  of  expansion  of  the  liquid  with  temperature, 

(i  =  coefficient  of  compressibility  of  the  liquid  at  constant  temperature, 

T  =  absolute  temperature. 

This  relation  may  be  obtained  in  a  different  manner  to  that  of  Dupre  by 
applying  an  equation  of  the  van  der  Waals  type,  viz. — 

■^       V —  b 

On  differentiating  with  respect  to  T,  and  assuming,  as  Dupre  did,  that  K  is 
independent  of  temperature,  we  obtain — 


m- 


/»  +  K  _  K 
T     ~  T' 


neglecting  p  compared  to  K. 

Now  bringing  in  the  well-known  thermodynamic  relation,  viz. — 

which  holds  for  any  sj'stem,  we  find — 

K  -  -  t(^-^\  (^\    -  -  "  ^^'^  -  +  t"' 

r\bp)T 

Dupre  gives  a  table  of   results  obtained    by  using  this  formula. f     The 

•  Ann.  de  Chim.  et  dc  Phys.  2,  201,  1864. 
t  Ibid.,  2,  204,  1864. 
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values  are  for  0°  C.  except  in  the  case  of  water,  which  is  at  100°  C.  (One 
obviously  obtains  negative  values  for  K  on  applying  the  above  formula  to 
the  case  of  water  at  0°  C.  and  zero  values  at  4°  C.) 


Substance. 

/?• 

"i- 

A.» 

K  Alm./cm.». 

Water  (100=  C.)           

Ether     

Alcohol 

Wood  spirit     

Chloroform      

Essence  of  terebcnthine 

Mercurv 

Carbon  bisulphide      

0000047  ? 

O'OOOIII 

0-000083 

o"oooo9i 

0000062 

0000073 

0-0000035 

0-0000835 

o-ooo86 

0-001513 

000105 

0-00118 

0001 1 1 

00007 

0-00018 

00012 

70-8 

386 

35-9 
36-8 
50-8 

27-2 
14-6 

407 

7,000 
3.860 

3.590 
3,680 
5,080 
2,720 
14,600 
4,070 

The  results — with  the  exception  of  water,  which  is  not  really  comparable — 
agree  moderately  with  those  obtained  by  his  first-quoted  method.  It  may 
be  noted  that  in  a  later  paper  f  Dupre  applies  this  second-quoted  relation 
in  a  slightly  altered  form  to  determine  K  for  the  metals  iron,  copper,  pal- 
ladium, gold,  and  platinum.  He  further  writes  K  or  A  in  the  form  A  =  aA- 
where  A  is  the  density  of  the  substance. :J:  The  term  a  is  analogous  to  the 
integral  in  Laplace's  expression  or  to  the  term  a  in  van  der  Waal's  equation, 
which  appeared  some  years  later  (1873).  The  matter  is  not  quite  clear  from 
Dupre's  writings,  but  it  certainly  appears  necessary  to  consider  a  in  Dupre's 
case  as  varying  with  temperature,  for  A  varies  with  temperature,  and  Dupre 
assumed  K  itself  to  be  independent  of  temperature.  Apart  from  temperature 
considerations  altogether,  it  is  uncertain  whether  one  can  strict!}-  apply  either 
of  Dupre's  relations  to  the  solid  state,  since  crystalline  form  itself  appears  to 
be  the  outcome  of  forces  which  are  absent  in  the  liquid  state,  or  at  least 
do  not  possess  the  peculiar  directive  property  necessary  to  the  formation 
of  crystals.  It  would  seem,  however,  that  if  we  are  ever  to  know  anything 
about  the  solid  state  it  will  be  by  some  such  extension  of  relationships  which 
hold  for  the  liquid  state.  In  the  present  resume,  therefore,  reference  will  be 
made  to  determinations  of  K  for  solids  as  well  as  for  liquids — leaving  the 
question  of  validity  open. 

Values  of  K  from  van  dcr  Waals    Equation. 
J  n  the  well-known,  equation — 


(/'  +  .J.)(^-*)  =  RT 


the    term    -    is   introduced    to   allow   for   cohesive    forces,    that   is    to   say 


Tf 


is  the  equivalent  of  K.     Van  der  Waals,  in  the  188 1  edition  of  his  book, 


*  A  is  simply  K  on  Dupre's  notation,  and  the  numerical  values  are  upon  his 
system  of  units.  In  the  last  column  I  have  added  K  (without  recalculation  ab  initio) 
in  terms  of  atmospheres  per  cm.-. 

t  Ann.  de  Cliim.  ct  dc  Phys.,  14,  87,  1868. 

\  Dupre  (/oc.  cit.)  points  out  rather  an  interesting  relation  in  connection  with  the 
metals  mentioned,  viz.,  the  product  of  a  into  the  square  of  the  chemical  equivalent 
is  constant.  Dupre  attempts  to  generalise  this,  but  his  method  of  treatment  is 
questionable. 

Vol.  VII.    Parts  i 


AND  2. 


T7 


98     INTERNAL,  MOLECULAR.  OR  INTRINSIC   PRESSURE 

gives  the  following  values  for  K  in  the  case  of  several  liquids  at  ordinary 
temperature.   The  numbers  are  regarded  by  the  autlior  as  only  approximate  : — 


Substance. 

K=  _^,.Atm./cm.2. 

Ether       

Ethyl  alcohol      

Carbon  bisulphide 

Sulphur  dioxide 

Carbon  dioxide  ...         ...         ...  ■ 

Methyl  acetate 

Water       

Monochlorethane          

Diethylamine      

1.430 

2,400 
2,890 
3,060 

2,820 
2,225 

10,700 
2,040 
1,500 

The  data  on  the  next  page,  calculated  on  van  der  Waals'  equation  for  o°C., 
are  given  by  J.  Traube.*  The  values  for  pentane  are  taken  from  a  paper 
also  by  J.  Traube.f 

Some  of  the  results  do  not  agree  very  well  with  Van  der  Waals"  own 
calculations,  but  Traube  claim.s  his  own  to  be  based  on  more  accurate  data. 

In  this  connection  mention  should  be  made  of  a  paper  by  P.  Walden,]: 
who  gives  a  large  quantity  of  data.  His  paper  starts  off,  however,  with  what 
the  writer  considers  an  erroneous  interpretation  of  Stefan's  law,  and  the  great 
bulk  of  the  results  are  dependent  on  this  initial  step. 

It  will  be  observed  that  the  tigures,  given  for  example  by  van  der  Waals, 
while  of  the  same  order  of  magnitude  as  Dupre's,  are  in  all  cases  smaller, 
being  indeed  about  one-half  the  values  given  by  him.  Van  der  Waals,  it  may 
be  remarked,  has  always  restricted  the  applicability  of  his  equation  to  the 
liquid  and  gaseous  states.  Traube,  however,  §  has  applied  it  to  the  solid  state 
as  well,  and  in  the  table  on  pages  8  and  9  are  given  his  values  of  K  calculated  a^ 

-„.     From  the  atomic  weight  A  and  the   density  (■  Traube  calculated  the 

atomic  volume  —  =  i'  for  temperature  /°  (generally  0°  C),  and  from  Fizean's 

c 
values  for  the  coefficient  of  expansion  a,\\  with  temperature  a  second  atomic 
volume  was  calculated.     The  values  of  a,  hold  for  a  mean   temperature  /,. 
The  value  of  b  and  v—  b  refer  to  the  gram  atom  which,  in  the  e.xamples 
cited,  Traube  takes  as  being  identical  with  the  gram  molecule,     a  is  given  in 

litre-atmospheres  (should  be  litre=  atmospheres),  and  K  =    „  in  atmospheres. 

The  last  six  substances  given  are  taken  from  a  table  of  C.  Benedicks.*; 
An  inspection  of  the    values  of  K  for    solid  substances  shows    that    the 
numbers  which  are  obtained  are  extraordinarily  great— in  fact,  so  great  as 

»  Z.  Physik.  Cli.,  68,  293,  ,1909. 

t  Annalcn  d.  Physik.,  22,  540,  1^07. 

J  Z.Phvsik.  C//.^66,  3S5,  1909. 

§  Z.  an'oro.  Ch.,  34,  413,  1903-  •  ■„    . 

11  Traube  uses  the  symbol  3/3  for  the  coefficient  ot  expansion  with  temperature. 
In  view  of  the  fact  that  /3  usually  represents  compressibility,  it  is  more  suitable,  I 
think,  to  adopt  the  symbol  o,  in  the  above  instance. 

•I  Z.  a)ioril.  C/z.,"47j  459.  1905-  _ 
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to  be  scarcely  credible  in  many  cases.     \Vc  now  pass  on  to  consider  the  next 
expression  for  K. 

An  Approximate  Formula  for  A'  given  by  ran  der  Waals. 

In  the  Dutch  edition  of  his  well-known  work  on  the  continuity  of  the 
liquid  and  gaseous  states,  p.  99,  van  der  Waals  (as  quoted  by  Rontgen  and 
Schneider  *)  deduces  the  expression — 

,-.       Co  (I  +  at) 

where — 

Co  =  volume  of  i  gram  molecule  of  vapour  at  /,.  and  i  atm. 
V  =  volume  of  i  gram  molecule  of  liquid  at  t^  and  i  atm. 
a,  =  coefficient  of  gaseous  expansion  with  temperature. 
ji  =  coefficient  of  compressibilit)^  of  liquid  at  constant  temperature. 

The  above  relation  does  not  appear  in  the  German  edition  nor  in  the 
English  translation,  so  that  it  has  probably  been  withdrawn  by  the  author  as 
not  sufficiently  accurate.  It  may  be  of  interest,  however,  to  see  just  what  it 
assumes.     Starting  with  van  der  Waals'  equation — 

R  T       « 

we  obtain  on  differentiating  with  respect  to  v — 

^  —  _      RT  2a 

liv~       {v  —  b)-v^' 

Now  if  we  neglect  ~-  compared  to  -. for  in  the  liquid  state  b  is  verv 

f'         J.3  i  (J,  _  t,y  ^ 

nearly  equal  to  v  itself — we  obtain — 


Now — 


'dp~  RT     ~        (RT)^ 

RT 

K  =:  ;; ,,  neglecting  />, 

^'  _  _  RT 
•■•  up-       K= ' 


j^,^RT^RT^Co(i_+a/) 

Tiv        vi3  vi3       ' 

-^p 


provided  we  assume  in  the  final  step  that  RT  mav  be  approximately  replaced 
by  Co(i  +  at). 

J.  Traube  f  tested  this  relation  for  a  series  of  metallic  elements — solid 
substances,  to  which,  as  alreadv  mentioned,  van  der  Waals  himself  did  not 
extend  his  equation.  The  results  obtained  by  Traube  are  surprisingly  good. 
Taking    the    metals   to    be    monatomic,  using   the    compressibility  data  of 

•  Wied.  Ann.,  29,  213.  1886. 

t  Verhandlung  d.  dcitts^  physik.  Gescll.,  p.  231,  1909. 
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Kicliards  and  his  pupils,''- and  calculating  K  or  -  from  the  van  dcr  Waals 

equation  (employing  the  coefficient  of  expansion  data  already  given  as  well 

as  that  of  Holborn  and  Day  f ),  Traube  found  that  —  ^7-/3  is  a  fairly  good 

constant,  as  it  should  be  if  the  relation  in  question  is  valid.  The  results  are 
given  in  the  following  table,  in  which  the  unit  of  pressure  is  tliat  suggested 
by  Richards,  viz.,  the  "  niegabar  ''  =  0-987  atm. 


Mean 

Atomic 

Substance. 

Atomic 
Volume,  V. 

Compressi- 
bility, 

Compressi- 
bility. 

n 

--  Vr3  X  10    '. 

y2           '^ 

/}  X  106. 

7'/3  X  106. 

Megabars. 

Nickel 

c.c. 
67 

0-27 

174 

324,600 

4-28 

Platinum 

9-1 

0*2I 

1-91 

324,200 

4-48 

Iron       

7-1 

040 

2-84 

323,900 

(5-46) 

Palladium 

9'3 

0-38 

3 '53 

226,700 

4-26 

Copper 

7'i 

o'54 

3-«3 

236,100 

4*62 

Gold      

IO'2 

0-47 

479 

178,500 

3'9i 

Silver 

10-3 

0-84 

8-65 

161,900 

476 

Aluminium 

lOI 

13 

13-13 

119,300 

4-32 

Zinc 

95 

1-5 

1370 

108,900 

4'03 

Cadmium 

130 

I  "9 

2470 

73,100 

3-63 

Tin        

162 

1-6 

25-92 

68,700 

3'49 

Magnesium 

13-3 

27 

35-91 

73,100 

4-38 

Lead     

i8-2 

2-2 

40-04 

51.500 

3-26 

Thallium 

17-2 

26 

4472 

55.300 

370 

Sodium 

237 

15-4 

364-98 

18,500 

3-54 

Potassium 

45'5 

31-5 

I433"25 

8,190 

3-10 

The  exceptional  result  in  the  case  of  iron  is  attributed  by  Traube  to  the 
presence  of  some  carbon.  Using  the  mean  value  for  the  constant,  viz.,  4-04, 
one  finds  Kiron  =  239,000  megabars. 

The  agreement  obtained  in  the  foregoing  table  is  not,  I  think,  to  be  taken 
as  proof  of  the  applicability  of  van  der  Waals'  equation  to  the  solid  state, 
but  rather  as   justification   for  the  approximations  made   in   deducing   the 

expression    K, ^— ^^^ —  ,  viz.,  that    ~      is   reallv  negligible  compared    to 

:'/3  i;3  .00 

rt 

-. rr,  at  ordinary  tanperatitrcs.     Traube  himself  does  not  urge  the  quan- 

{v  —  by  •  -^        '  o  -X 

titative  significance  of  the  above  results,  but  considers  them  especially  in 

relation  to  several  other  properties  which  he  mentions  as  at  least  rendering 

probable  the  applicability  of  van  der  Waals'  equation  to  the  solid  state.     It 

may  be  noted  with  regard  to  van  der  Waals'  equation  in  general  (and  any 

relation  depending  on  it)  that  K  is  not  assumed  a  constant  independent  of 

temperature,  but  that  K/5*  is  (where  S  is  the  density  of  the  substance).     At 

least  this  is  the  case  in  the  simplest  form  of  van  der  Waals'   equation, 

Bakkei's  Relation. 

This  relation  does  not  deal  exphcitly  with  K  itself,  but  is  so  closely  bound 
up  with  it  as  to  necessitate  a  reference  here.     In  1888, ]:  from  considerations 

*  Z.  Elcklroch.,  13,  519,  1907. 

t  Annaleu  d.  Pliysik,  4,  104,  1901. 

I  Dissertation,  Schiedam. 
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somewhat  similar  to  those  of  Duprc  as  regards  the  connection  between 
cohesive  forces  and  the  latent  heat  of  vaporisation,  G.  Bakker  put  forward 
the  following  relation — 


\  =  j      Kiiv  +  /.(r-,  -  7',), 


where — 

\  =  latent  heat  of  vaporisation  per  gram. 

V,  =  volume  of  one  gram  of  vapour  )        , 

,  ,  °  ^  ,.  "^  .  ,     J-at  the  same  temperature, 

j'g  =  volume  of  one  gram  of  liquid     )  ^ 

p  =  vapour  pressure. 
We  mav  write  this  expression  in  tlie  approximate  form — 

r' '  RT 

X  =         Kch'  +  —-, 

*  o 

or  calling  X,  the  internal  latent  heat  per  gram — 

Bakker  integrated  this  expression  on  the  assumption  that  K  may  be  reprc- 
sented  as  a  function  of  v,  according  to  the  expression  K  =  „,  where  A  is  a 
constant.     One  obtains  by  this  means — 

X,  :=A( ),  or  approximately  -. 

It  may  be  noted  that  Bakker  deduced  this  expression  without  reference  to 
van  der  Waals'  equation.  If  we  write  L,=  tlie  internal  latent  heat  per  unit 
volume  of  liquid — 

_  X.  _  A 

Now  Dupre's  relation  is  L,=  K,  so  that  combining  Dupre's  and  Bakker's 
equations  one  obtains  K  =  * ,.  In  van  der  Waals'  equation,  K  =  -,  so  that 
the  A  in  Bakker's  equation  would  become  identical  with  a  provided  K 
were  really  represented  by  __,,  thai  is,  provided  " a"  were  iiidcpciuienl  ot  tem- 
perature. Bakker  himself'''  has  shown  the  connection  between  A  and  a,  viz., 
A  :=  f  a  —  T  ^.p).     An  important  point  must  be  noted  in  this  connection.     It 

is  not  sufficient  to  determine  experimentally  the  value  of  a  which  will  lit  van 
der  W^aals'  equation  at  the  temperature  in  question,  and  to  use  this  found 
value  for  the  integration  of  Bakker's  expression — although  the  integration 

*  Z.  physik.  CIi.,  12,  670,  189s. 
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is  performed  at  constant  temperature.     The  general  thermodynamic  relation 
for  the  phenomenon  of  vaporisation  at  constant  temperature  is — 


'''^•=C^'d/-^)''^' 


where  />  is  the  vapour  pressure. 

Suppose  now  that  o,  is  the  found  value  of  a  at  tliis  temperature  which 
satisfies  the  van  der  Wa;ils  equation  for  the  homogeneous  phase. 

Then — 


RT 


f  +  "=„l 


Hence- 


v  —  b' 


T^i  _    RT    _TM 


and  therefore — 


'df,~v  —  b       V'  at 

It  is  the  expression  («<  ~  ^S^j  which  we  require  for  the  integration  of 

Kdr  —  even  assuming  that  K  can  be  represented  by  a  factor  of  some  kind 
divided  by  v-.      Now  it  is  known   that  a   decreases   as   temperature    rises. 

That  is    ^-  is  negative  and  ici  —  '^\^')  >  t^-     One  would  expect  therefore 

that  the  values  for  \.-  calculated  from  the  simplest  form  of  Bakker's  equation 
in  which  we  use  van  der  Wiials'  a,  for  A  would  be  smaller  than  the  observed 
values;  and  such  is  found  to  be  the  case.     In  fact,  if  we  agree  that  Bakker's 

a 
expression  is  correct  in  principle,  we  must  assume  that  T;^,  turns  out  to  be  a 

quantity  of  much  the  same  magnitude  as  a  itself,  so  that  (a  —  T^-^p  ]  might  be 

approximately  written  in  general  as  2a.  The  significance  of  this  will  be 
seen  when  we  come  later  to  examine  an  expression  for  X,  brouglit  forward 

J  RT 
bv  Milner.     To  illustrate  how  far  Bakker's  relation  in  the  form  X  =  —  +    —r 

Vo        M 

applies  in  practice,  a  table  due  to  J.  Traube''=  is  given  below.  It  will  be 
observed  that  uk  (the  value  of  van  der  Waals'  constant  at  the  critical 
temperature)  is  greater  than  a,  (the  value  of  the  same  "  constant  "  at  the 
temperature  of  vaporisation),  and  hence  Traube  gives  two  series  of  calcu- 
lated values  for  the   latent   heat.      The  a,  values  were  obtained  by  Traube 

from    the    van  der  Waals    equation  _^,  (;'  —  />)  =  RT.     Traube  made    use  of 

the  values  of  6r  t  obtained  from  the  van  der  Waals  equation  at  two  slightly 
different  temperatures  in  the  region  required.  The  values  of  an  are  those 
calculated  by  Guye  I  from   the  equation — 

27  RTi 
64     Pk 
The  column  headed  X  calc.  I.  refers  to  ^k  ;  X  calc.  II.  refers  to  ai. 

'  Annalcn  d.  Physik.  '4]  8,  300,  1902. 
t  Loc.  cit.,  p.  284  ;  ibid.,  5,  552,  1901. 
.     J  Arch.  Science  phys.  et  luifiir.  denize,  9,  22,  1900. 
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1 

\  observed . 

T-273. 

hr 

*' 

«K 

rtT 

'^      1 

\ 

in 

Substance. 

in  cc. 

in  cc. 

in 

in 

calc.  I- 

calc.  II. 

cals./gram- 

litre^  atm. 

litre*  atm. 

1 

molecule. 

Mercury      

360-0 

14-2 

1572 



8-68 

14,660 

14.540* 

Isopentane 

280 

87-3 

117-9 

(8-20 

11-23 

4.340 

2,910 

6,000 

«.  Hexane 

690 

104-1 

139-8 

24-58 

15-37 

— 

3,340 

— 

".  Heptane 

98-4 

1 19-4 

162-5 

30-85 

18-69      1 

— 

3.530 

— 

It.  Octane 

1258 

1350 

186-9 

36-58 

22-17 

5.540 

3,680 

8,090 

Decane        

1596 

— 

231-3 

48-59 



5.955 

—  . 

8,540 

Ethvl  ether            

34-8 

793 

106-4 

17-44 

10-56 

4.590 

3,020 

6,260 

Ethyl  chloride        

12-0 

71-2 

11-22 

4.390 

— 

6,160 

Chloroform             

609 

— 

84-5. 

I47I 

4,880 

— 

6,985 

Carbon  tetrachloride 

762 

78-1 

1037 

19-20 

1204 

5.185 

3,510 

7.130 

Stannic  chloride 

1 1 2-5 

97"2 

I3II 

26-94 

1605 

5,750 

3,740 

7,950 

Carbon  bisulphide 

4&2 

— 

62-1 

-    11-20 

— 

5,010 

6,600 

Diethylamiiic         

sS-o 

— 

109-4 

17-0 

— 

4.430 

— 

6,650 

Benzene      

8025 

72-1 

96- 2 

18-36 

iriB 

5050 

3-510 

7,290 

Fluorbenzene         

851 

767 

10 1 -9 

19-95 

I2-II 

5.500 

3,600 

7,600 

Chlorobenzene      

1320 

863 

I' 43 

2554 

15-51 

— 

4,100 

8,100 

Toluene 

1 10-8 

— 

118-3 

24-08 

5.700 

— 

.7,690 

m.  Xylene 

1399 

— 

1400 

3039 

— 

6,090 

— 

8,300 

Ethyl  benzene       

1347 

— 

1 393 

28-63 

— 

5.795 

— 

8,1X0 

Propyl  benzene     

i57-2 

— 

162-2 

3589 

— 

6,220 

— 

8,620 

Cymol          

1750 

— 

184-9 

42-20 

— 

6,430 

— 

8.900 

Methyl  formate     

329 

47-6 

62-7 

11-38 

6-54 

5,010 

3,140 

6,970 

Ethyl  formate       

540 

— 

84-7 

15-68 

5.140 

7.350 

Ethyl  acetate        

7.S-9 

78-7 

io6-o 

20-47 

11-79 

5^380 

3,390 

7,640 

Methyl  propionate 

8o-o 

76-4 

104-6 

20-24 

11-24 

5400 

3,300 

7,420 

Ethvl  propionate 

9'S7 

128-1 

25-55 

— 

5,580 

7,870 

Methyl  isobutyrate 

925 

— 

126-7 

24-52 

— 

5.420 

— 

7,710 

Ammonia 

-38-5 

— 

29-2 

4-01 

^- 

3,800 

— 

5,600 

Oxygen  (containing  7  per 

cent,  nitrogen) 

- 183-0 

— 

28-2 

1-33 

— 

1,320 

— 

1,620 

Nitrogen 

- 194'4 

— 

332 

1-35 

— 

1,140 

— 

1,620 

Sulphur  dioxide     ... 

100 

— 

439 

6-61 

— 

4,175 

— 

6,090 

Methyl  alcohol      

64-5 

32-8 

42-8 

9-53 

5-08 

6.070 

3.550 

8,570 

Ethyl  alcohol        

78-1 

— 

62-3 

15-22 

6,620 

— 

9.440 

Acetic  acid 

119-2 

480 

638 

17-60 

8-29 

5.390 

3.930 

7,470 

Water          

too 

15-5 

l8-g 

5-77 

3-29 

'  8,190 

1 

4.980 

9,660 

It  will  be  observed  that  the  agreement  between  observed  and  calculated 
values  is  not  very  good,  and  rather  remarkably  the  discrepancy  is  greater  in 
the  case  of  the  a,  values  than  in  the  case  of  those  calculated  from  the  ak  values. 
Traube  discusses  these  discrepancies,  but  it  would  be  outside  our  present 
purpose  to  follow  him  further.  It  may  be  noted  that  in  the  case  of  mercury 
the  value  of  \  calculated  from  a^  agrees  well  with  the  observed  value,  thus 
pointing  to  the  possibility  that  in  the  case  of  this  substance  the  constant  a  is 
in  realitv  very  nearly  independent  of  temperature.  The  same  is  approxi- 
mately true  for  bromine  given  in  a  later  paper  by  Traube, f  viz.  :  X  observed 
7,296  cals.,  calculated  6,620  cals.  The  same  thing  seems  to  hold  good  for 
2inc  and  cadmium  (and  perhaps  for  other  metals  as  well),  viz.  : — 


\- observed  per 
Molecule. 

';;+RT.: 

Zinc       

Cadmium 

25,500 
23,480 

25-450 
23.450 

For  sulphur,  however,  the  discrepancy  is  marked  :  \  observed  23,170  cals.  per 

*  This  is  not  the  figure  given  by  Traube  in  1902,  but  the  later  value  given  by  him 
in  the  Z.  ariorg.  CIi.,  34,  423,  1903. 
t  Z.  atiorg.  CIt.,  34. 
I  Traube,  Z.  aiiori^.  Ch.,  loc.  cit. 
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<irain-mok'Culc,— +  RT  =  32,300  cals.     Traubc"  calculates  u,  for  a  scries  of 

metals  and  non-metals  and  then,  applying  Bakker's  equation,  calculates  the 
corresponding  latent  heats  of  vaporisation — but  these  cannot  be  compared 
with  observed  values,  since  the  latter  have  not  yet  been  determined. 

It  may  be  noted  that  in  Traube's  table  of  liquid  substances  already  given, 
water  and  the  alcohols  which  are  known  to  be  considerably  associated  do  not 
appear  to  behave  in  any  characteristic  manner  different  from  other  liquids  as 
regards  the  values  of  \  calculated  and  X  observed.     This  is  rather  surprising. 


Miliiei's  Equation. 

In  view  of  the  discrepancies  between  calculated  and  observed  values  to 
which  we  have  drawn  attention  in  dealing  with  the  Bakker  equation,  and  the 
possible  explanation  on  the  ground  that  a  varies  with  temperature,  it  is  inte- 
resting to  consider  an  equation  put  forward  by  Milner  f  which  deals  with  the 
same  problem  of  vaporisation,  but  which,  while  bearing  a  superficial  resem- 
blance to  Bakker's  formula,  is  in  reality  fundamentally  different.  Bakker's 
initial  step  consists  in  writing — 


Milner,  on  the  other  hand,  makes  use  of  the  inverse  integral,  viz. 

X..=  f   2'(/k'. 


The  mechanism  of  the  process  (of  vaporisation)  suggested  by  Milner  in 
support  of  this  latter  expression  is  not  clear  to  me,  So  far  as  I  know  the 
strongest  evidence  in  its  favour  lies  in  a  consideration  of  the  analogy  which 
may  exist  between  the  equilibrium  of  a  liquid  in  contact  with  vapour  and  the 
equilibrium  of  a  reversible  (metallic)  electrode  dipping  into  a  solution  con- 
taining a  salt  of  the  metal.  In  calculating  the  potential  difference  in  such  a 
case  it  was  formerly  considered  that  the  "osmotic"  work  term  could  be 

represented  as       Pcir,  where  P  stands  for  osmotic  pressure  of  the  ions  in  the 

solution  and  tt,  the  upper  limit  of  the  integral,  refers  to  the  "  solution  pressure  " 
of  the  metal.  Such  an  expression,  if  one  assumes  the  perfect  gas  laws,  gives, 
as  is  well  known,  extravagant  values  for  tt.  This  question  has  been  taken  up 
bv  Milner  himself, J  and  especially  by  Lehfeldt,j  and  the  question  of  osmotic 
pressure  in  general  by  A.  W.  Porter.||  The  difliculty  hinges  on  carrying  out 
an  imaginary  cycle  which  shall  be  really  reversible.  To  allow  ions  to  go 
direct  from  the  electrode  at  a  pressure  tt  to  the  solution  at  osmotic  pressure 
P  is  an  irreversible  process,  and  any  work  (less  than  in  the  reversible  process) 
may  be  got  from  it.     If  we  consider  the  simplest  case  of  a  reversible  step, 

*  Z.  auori^.  Ch.,  loc.  cit. 
t  Phil.  Mag.  [5],  43,  296,  1897. 
:  Ibid,  [s],  49,  417,  1900. 
§  Ibid.  [5],  48,  430,  1899  ;  ibid.,  381,  1901. 

1;  Proc.  R.  Soc,  A.  79,  519,  1907  ;  ibid..  A,  80,  457,  1908  ;  Jouni.  Physic.  Ch..  12, 
404,  1908. 
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namely,  the  transference  of  a  gram-molecule  of  solvent  at  vapour  pressure  /><, 
to  solution  at  vapour  pressure  />,,  we  find  that  the  carrying  out  of  such  a 
process  involves  three  stages,  i.e.,  three  external  work  terms.  First,  the 
required  quantity  of  solvent  is  vaporised  at  constant  pressure  po,  the  external 
work-being  />o7'o.  This  quantity  is  now  isolated  from  the  bulk,  and  is  further 
expanded  to  volume  Vj,  the  pressure  simultaneously  changing  to  />,.      The 

external  work  done  is      p(l:\     Finally,  the  mass  is  pressed  by  meajis  of  tlie 


piston  into  the  solution,  the  work  done  being  —  p,'i\.  On  integrating  by  parts 
tlie  expression  for  the  work  of  the  second  stage,  it  is  found  that  we  are  left 

simply  with  the  expression  \vcip  as  the  maximum  external  work  for  the  whole 

step.  Of  course,  if  the  system  is  such  that  the  gas  laws  hold,  it  is  immaterial, 
as  far  as  the  numerical  result  is  concerned,  whether  we  integrate  pdv  or  vdp. 
When  the  system  is  such  that  the  gas  laws  are  far  from  holding  good,  the 
result  is  obviously  no  longer  the  same.  Lehfeldt  has  shown  this  very 
strikingly  in  the  case  of  the  solution  pressure  of  zinc/in  making  use  of  van 

der  Waals'  formula  instead  of  Pi'  =  RT.     The  expression  \v(lp  is,  however, 

reached  above,  independent  of  whether  gas  laws  hold  or  not.  In  the  elec- 
trical case  it  seems  extremely  difficult  to  imagine  the  cycle,  and  in  the  case 
of  vaporisation  no  reversible  mechanism  involving  internal  work  and 
energy  changes  has  as  yet  been  suggested.   The  point  which  must  be  noted 

is  that  in  writing  \vdK  as  the  total  internal  work  term  involved  in  the  step 

of  passing  from  liquid  to  vapour  we  are  really  looking  upon  ifiternal  pressure 
and  external  pressure  as  the  same  sort  of  thing  as  far  as  thermodynamic 
considerations  are  concerned.      The  fact  is,  the  question  is  very  obscure, 

and  the  analogy  of    writing  IzuiK  in  the  one  case  because  we  find  Ivdp  in 

other  cases  is  not  a  very  rigid  one.  If,  however,  we  do  start  out  with  the 
expression  — 


we  find  on  integration,  assuming  K=    ,,  that- 


i.e.,  a  result  just  twice  as  great  as  that  obtained  by  Bakker's  equation.  It  will 
be  seen  on  comparison  of  the  values  given  in  the  previous  table  of  liquids  that 
if  we  double  the  \  calculated  on  a,  we  obtain  very  good  agreement  indeed 
between  observed  and  calculated  values.  This  in  itself,  however,  is  not 
sufficient  to  afford  justification  of  Milner's  formula  as  against  Bakker's.  The 
few  results,  e.g.,  for.  mercury,'  cadmium,  and  zinc,  would  now  become  rather 
inexplicable  exceptions  ;  and  further,  the  agreement  obtained  in  the  other 
cases  would  point  to  a^  being  independent  of  temperature,  which  is  not 
the  case. 

One  of  the  chief  difficulties  in  this  problem  is  whether  van  der  Waals' 
equation  (or  indeed  any  equation  of  stat^)  is  applicable  to  the  transition  from 
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liquid  to  vapour.     If  we  consider  the  actual  state  of  things  as  they  exist,  the 
relation  between  />  and  :•  is  given  by  the  curve — 


in  which  the  vapour  pressure  p  remains  constant  tiiroughout  a  certain  distance. 
Van  der  Waals'  equation,  of  course,  does  not  give  this  curve  at  all,  and  if  we 
use  the  equation  (to  make  possible  the  integration  either  of  Kdv  or  vdK)  we 
thereby  assume  that  the  curve  has  the  following  shape — 


in  which  p  does  not  remain  constant  during  the  transition  from  liquid  to 
vapour.  In  this  case  \vdp  is  not  zero  unless  the  two  areas  AEC  and  BDE 
are  equal  (Maxwell,  1875).  Since  in  practice  we  have  never  yet  reached 
the  points  D  or  C,  and  therefore  have  no  experimental  evidence  for  the  shape 
of  the  curve  DC,  we  cannot  regard  Maxwell's  tlieorem  as  rigorously  proved. 
At  the  same  time  we  must  regard  it  as  an  exceedingly  likely  assumption. 
To  return  to  Milncr's  expression.     Let  us  write — 

\i  =  [vd9 

where  9  is  the  thermal  pressure  and  is  given  by  9=^p  -\-  K.     Then 

{vdO  ={v(dp  +  d  h\  \  =  (vdp  -  (?a  dv. 
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Assuming  Maxwell's  theorem  I  :•(//>  =  o, 


*'     I'o 


this  being  Milner's  final  expression,  which  is  thus  seen  to  contain  implicitly 
Maxwell's  assumption. 

The  introduction    of   the  coefficient  2  into  the  expression  for  the  latent 
heat  is  of  interest  in  connection  with  Dupre's  values  for  K  already  discussed. 

It    will    he    remembered    that   Dupre   puts    K  =  L.- =-^  ' .      Putting    in    the 

*  o 

value    ~     for  X.  from  Milner's  equation,  one  obtains  K  =  ",-,  while  van  der 

Waals'  assumption  is  that  K= — .     On  Dupre's  and    Milner's   assumptions, 

K  . 

therefore,  one  may  expect  values  of  K  twice  as  great  as  those  obtained  from 
van  der  Waals'  equation.  This  is  shown  to  be  the  case  approximately  in  the 
following  : — 


Substance. 

K  Mm.  (Dupre). 

K  Atm.  (van  der  Waals). 

Water 

Ether     

Ethyl  alcohol  ... 

Carbon  bisulphide      

23,900 
2,426 
7,266 
4-704 

10,500-11,000 
1,300-   1,430 
2,100-  2,400 
2,890-  2,900 

It  is  to  be  remembered,  however,  in  the  first  place,  that  Dupre  considered 
K  itself  constant  ;  thence  a  must  be  a  variable,  so  that  Dupre's  equations  are 
not  compatible  with  van  der  Waals',  and  secondly,  the  coefficient  2  might 

after  all  be  in  Bakker's  relation  (provided  we  knew  la — T>.,p]  instead  of 

simply  a),  so  that  the  comparison  of  the  K  values  does  not  speak  absolutely 
in  favour  of  Milner's  expression. 

On  reviewing  the  question  as  a  whole,  perhaps  the  safest  course  at  present 
is  to  regard  the  expression — 

2(1 

as  a  useful  semi-empiric  relation,   which   holds  well  for  substances  whose 
molecules  are  polyatomic. 

Milner's  Second  Relation. 

Milner  "■=  has  deduced  another  expression  for  the  latent  heat  of  vapor- 
isation from  kinetic  considerations.  The  expression,  which  involves  the 
van  der  Waals  b  instead  of  a,  is — ♦ 

RT   /,„;■,-  ft    ,        b  b     \, 

*   /'/;//.  MiUi.,  loc.  Lit. 
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i'o  and  :•,  refer,  as  before,  to  the  liquid  and  vapour  states  respectively. 
Milncr  also  deduces  the  expression  from  the  more  general  form  of  van  der 
Waals'  equation,  in  wliich  no  assumption  is  made  as  to  the  special  form 
oi  K,  viz. — 

.<.-.  = -if'- 

Since  the  final  expression  does  not  contain  K  or  a,  it  is  rather  beyond  our 
present  purpose  to  discuss  it  further.  It  is  noteworthy,  however,  that  the 
expression  given  in  Nernst's  text-book"  only  contains  the  first  term  of 
Milner's  equation,  viz. — 

\i  ^ —  log     1 

the  terms  ( —     -)  being  omitted.     Xernst  refers  to  a  deduction 

of  the  abbreviated  form  by  Kammerlingh  Onnes.f  In  tlie  examples  given  by 
Xernst  the  calculated  value  for  X  is  considerably  less  than  the  observed. 
From  an  equation  given  by  Milner,:|:  it  seems  that  the  Nernst-Onnes  expres- 
sion is  approximately  half  that  of  Milner.  Again  we  have  the  question  of 
a  coefficient  2  coming  in.  It  certainly  does  seem  in  favour  of  the  correct- 
ness of  Milner's  views  that  both  of  his  equations  agree  in  giving  approxi- 
mately the  same  values  for  A,,  these  being  double  those  of  Bakker  or  Onnes. 
Traube  §  has  examined  the  Xernst-Onnes  expression,  and  shows  that  on 
applying  it  to  ten  typical  non-associated  liquids,  the  theoretical  value  is 
approximately  two-thirds  of  the  observed.  For  a  further  discussion  of 
Milner's  equation,  cf.  C.  Dieterici,||  who  regards  it  as  substantially  correct. 

Richards' s  Fonniila. 
Th.  W.  Richards  51  has  suggested  the  relation — 

ov 

This  was  obtained  by  considering  that  the  heat  Cdi  which  has  to  be  added  to 
a  small  element  of  the  liquid,  volume  dv,  was  equal  to  the  internal  work  done, 
Kdv.  Richards  a^pplied  his  equation  to  the  case  of  several  elementary  sub- 
stances given  in  the  following  table.  (The  values  of  K  were  given  in  the  first 
instance  by  Richards  in  megadynes.  The  figures  here  given  are  those  recal- 
culated by  J.  Traube, "-  using  i  atm.  as  the  unit.  I  have  also  included  for 
comparison  Traube's  values  of  K,  obtained  simply  by  applying  the  van  der 
Waals  equation  to  the  substances  in  question.) 

With  the  exception  of  carbon  in  the  form  of  diamond,  Traube's  and 
Richards's  results  are  proportional  to  one  another,  but  that  is  about  all. 
Richards's  results  are  so  extraordinarily  high  as  to  be  quite  incredible.     His- 

*  Tlicoref.  Chemic,  6th  ed.,  pp.  241,  242,  1909. 
t  Archives  Sccrlandaiscs,  30,  lOi,  1897. 
J  Loc.  cit.,  p.  304. 

§  Aiiiialcii  il.  Phvsik.,  5,  555,  1901. 
;i  Ibid.,  66.  .H26,  iH()8. 
^f  Z.physik.  L'h.,  40,  176,  1902. 
**  Z.  iinor^.  Ch.,  34,  416.  1903. 
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Substance. 

KAtm.  (Rich.irds). 

K  Atm.  (Traube). 

Ratio. 

Sodium            

Lead     ... 
Mercury 

Copper            

Magnesium 

Cadmium        

Silicon 

C  (diamond)  ... 

53,000 
159,900 
104,600 
663,300 
221,100 
211,200 
745,300 
4,837,000 

18,300 
50,800 
34,400 

233,100 
72,200 
72,200 

249,700 
5,458,000 

29 

31 
3-0 
29 

3'i 
.  2-9 

3-0 
[0-89] 

■equation  assumes  K  to  be  independent  of  temperature  and  still  more  inde- 
pendent of  volume.     This  latter  assumption  is  quite  invalid. 

Traubc's  Formula. 

As  a  result  of  the  comparison  of  the  values  already  given  of  K  obtained 
from  Richards's  formula  and  those  from  the  van  der  Waals  equation,  Traube 
■suggests  the  empiric  relation  — 

This  need  not,  however,  be  discussed  further. 

Benedicks' s  Formula. 

In  the  course  of  an  investigation '•■  as  to  whether  van  der  Waals'  equation 
may  be  applied  to  the  solid  state,  in  which  it  is  pointed  out  that  Traube's 
considerations  are  not  conclusive,  C.  Benedicks  has  deduced  tlie  following 
expression  for  K — 


K=,=  — I-—  +2I  =  approxmiatelv  — ;  ^  — . 

Writing  a,  for  3/3,  which  on  Benedicks's  notation  stands  for  the  coefficient  of 
expansion  of  the  liquid  with  temperature,  v  denotes  volume  in  the  liquid 
state.  Since  the  expression  is  based  on  van  der  Waals'  equation  it  embodies 
the  assumptions  underlying  this  equation.  Benedicks's  formula  is  probably 
the  most  convenient  one  for  the  purpose  of  calculating  K  (assuming  van  der 
Waals"  equation).  It  will  be  seen  on  comparing  this  relation  with  that  of 
Richards  that  they  would  be  identical  if  C  (say  the  atomic  or  molecular  heat) 
were  identical  with  R  (the  gas  constant  per  gram-molecule).  From  this 
standpoint  the  invalidity  of  Richards's  relation  becomes  apparent. 

It  will  have  been  observed  that  all  the  expressions  for  internal,  intrinsic, 
or  molecular  pressure  hitherto  put  forward  rest  on  one  or  other  of  the 
assumptions,  viz.,  (i)  that  K  itself  is  independent  of  temperature,  (2)  that  K 

may  be  written  — ,  and  that  a  (and  b)  in  van  der  Waals'  equation  are  indepen- 

■dent  of  temperature,  i.e.,  that  K/5=  is  independent  of  temperature. 

Neither  of  these  assumptions  is  justifiable,  though  undoubtedly  that  of 
van  der  Waals  is  much  nearer  the  truth. 


•  Z.  aiiorg.  Ch.,  47,  455,  1905. 
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Apparently  the  only  accurate  relation  *  is  the  general  thcrmodvnaniic  one — 


><--^(a' 


but  this  does  not  allow  us  to  go  further  unless  some  new  assumption  be  made 
with  respect  to  K  and  T.  The  problem  therefore  resolves  itself  into  one 
closely  analogous  to  that  which  has  been  investigated  for  some  time  past  by 

Nernst.      Some  new  assumption  with  respect  to  K  or  with    respect  to  ^rrr, 

must  be  put  forward,  but  so  far  none  is  forthcoming.  In  the  absence  of 
anything  better  I  would  therefore  tentatively  suggest  as  a  working  hypothesis 
that  the  fractional  change  in  K  per  degree  is  the  same  as  the  fractional 
■change  in  L,-  per  degree.     That  is  to  say  that — 

i_  'dK._  I    M^ 
K  ST~L.  Ti'V 

It  must  be  remembered  that  this  assumption  is  quite  an  arbitrary  one.  My 
object  in  suggesting  it  is  rather  to  call  attention  to  the  necessity  of  an 
assumption  of  some  kind  than  to  insist  upon  the  correctness  of  the  present 
one. 

Continuing,  we  lind — 


and — 
hence- 


yr~  u  'dT' 

,.       r        TK  :)L, 

'^-^'=l:  yr- 


K=-      ^' 


^     L,  yr 


If  L,  had  no  temperature  coefficient  K  would  be  identical  with  L,  (Dupre's 
relation). 

The  above  expression  may  be  illustrated  by  a  few  examples. 

Take  the  case  of  etiier  at  ordinary  temperatures.  From  the  data  of  Ramsay 
and  Young,  at  0°  C. — 

\  =93-27  cals./gram  ;    ^^  =  10-92  cals.  ;  .-.  A.  =  82-35  cals. 

«V  =  07362  ;  .-.  L,o^c  =60-626  cals./c.c. 
At  10°  C— 

RT 

,\  =90-77  cals.  ;  -j^  =  11-32  cals.  ;  A,  =  79-45  cals. 

Cio-  =  07245  ;  •••  Liio-.  c  =  57"56  cals./c.c. 

•*•  yf  —  ~  o'3o66  cals./c.c.  degree. 

For  the  temperature  o^  C — 

T  ^L, 0-3066  X  273 

L.  yr  ~  6^^656       ~  ~  ^"37- 

■■V-UyV  )  =  ('-(- '-37))  =  2-37. 

Assuniing  that  internal  work  and  internal  energy  can  be  treated  with  respect 
to  one  another  in  the  same  way  as  external  work  and  internal  energy. 

Vol.  VII.     Parts  i  and  2.  t8 


IT4     INTERNAL,  MOLECULAR,  OR  INTRINSIC  PRESSURE 

•■•  ^^V  c.  =  ^T^  =  25'58  cals./c.c.  =  25-58  x  4-2  x  lo?  ergs/c.c.  or  dynes/cm.=. 

=  1,074  atm.  per  cm.=. 

Van  der  Waals' equation  gives     .     .     .     1,300-1,430  atm. 
Diipre  (K=  L,)  gives 2,426  atm. 

The  agreement  with  Van  der  Waals'  expression  is  thus  fairly  good. 
Ethyl  Alcohol  at  0°  C. — From  the  data  of  Ramsay  and  Young,  at  0°  C. — 

X  =  220'9cals.  ;  -vr  =  irSj  cals.  ;  .•.  X,=:  209*03  cals. 

Co  =: 08002;   .*.  L,^^l67'26. 

At  10"  C— 

RT" 

X  =  22r2  cals.  ;   -T-r-:=  i2'3  cals.  ;  .*.  X,:=2o8"q  cals. 

("100  =  07916  ;  .-.  L,=:  i65'36. 

.■.^=-0-19. 

T  I)L, 273x0-19 

L,7r~         167-26     —  ~°"3^- 


,,       167-26  ^      ,    , 

.-.  k  =  — - —  ^  127-6  cals./c. 
1-31 


=  5.359  atm. 

Van  der  Waals'  equation  gives     .     .     .     2,100-2,400  atm. 
Dupre's  relation  gives 7,266  atm. 

Carbon  Disulphide  at  o"  C.—At  0°  C.  (Winkelmann)— 

RT 

X  =  89-5  cals.  ;  —  =  7-2  ;  .-.  X,  =  82-3  cals. 


At  10°  C. 


=-  I "2937  ;  .-.  L,=  106-47  cal.- 


RT 
X  =  88-74  cals.  ;    ^  =  7-44;  .-.  X.  =  8i-3. 

fioo=  1-2786  ;  .-.  L,=  103-95. 

....  K  =  i4^  =  64-7cals./c.c. 
1-646 

=:  2,717  atm. 

Van  der  Waals'  equation  gives     .     .     •     2,890  atm. 
Dupre's  equation  gives 4>704  atm. 
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I  should  like  to  cmpliasisc  again  that  the  above  examples  are  worked  out 
on  the  basis  of  an  assumption  which  at  the  present  stage,  at  any  rate,  is  quite 
empiric  in  nature.  The  whole  point  is  that  if  we  are  ever  to  get  to  know 
internal  pressure  accurately,  some  further  assumption  in  addition  to  those 
already  made  is  a  necessity. 

In  conclusion  I  gladly  take  this  opportunity  of  expressing  my  thanks  to 
Professor  A.  \V.  Porter,  of  this  College,  for  the  kindness  with  which  he  has 
offered  helpful  criticism  on  several  of  the  various  relationships  which  have 
been  brought  up  in  this  Paper.  As  a  particular  instance  I  am  indebted  to 
him  for  the  demonstration  that  Milner's  equation  (the  first  one  quoted) 
involves  the  Maxwell  assumption  regarding  the  areas  on  the  pv  diagram 
for  liquid-vapour  mixtures. 


TWO   SIMPLE    FORMS   OF   GAS-PRESSUKE    REGULATORS. 

By  EDGAR  STANSFIELD,  M.Sc. 

(.4  Paper  read  before  the  Faraday  Society,  Tuesday,  May  2,  1911,  Mi<.  James 
Swinburne  F.R.S.,  President,  /;;  the  Chair.) 

Some  years  ago,  when  working  at  the  Sunderland  Technical  College,  the 
writer  required  a  gas-pressure  regulator  which  should  give  a  pressure,  steady 
but  easily  adjusted,  not  influenced  by  the  rate  of  flow  of  the  gas.     As  he  was 


^^ 


^^ 


I 


o 


Fig.  I.— Model  A. 

not  able  to  find  any  description  of  a  suitable  regulator  which  could  be  easily 

made  without  considerable  skill  in  glass-blowing  or  the  purchase  of  special 

fittings,  he  devised  two  such  regulators  ;  these  have  since  proved  so  useful 

that  it  seems  desirable  to  publish  a  description  of  them. 

••     116 
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In  each  pattern  tlicre  is  : — 

I.  An  outer  vessel  ;  such  as  a  battery  jar  or  widc-mouthcd  bottle. 

:;.  An  inner  cyhnder,  open  at  the  bottom  and  top  ;  tliis  may  consist,  as  in 
Fig.  I.  of  a  cylindrical  vessel  with  one  or  more  holes  drilled  through  the 
sides  near  the  bottom,  or,  as  in  Fig.  2,  of  a  wide-mouthed  glass  bottle  with 
the  bottom  cut  off.     A  piece  of  wide  glass  tubing  could  be  used, 

3.  A  float  ;  a  flask,  test-tube  or  beaker  may  be  used,  weighted  at  the 
bottom  to  cause  it  to  float  upright.  A  beaker,  as  shown  in  both  figures, 
gave  the  best  results  ;  the  rim  of  the  beaker  should  be  an  easy  fit  inside  the 
cylinder. 


Fig.  2.— Model  H. 


4.  Gas  inlet  and  outlet  tubes. 

5.  A  valve  connected  to  the  float. 

In  model  .4  this  valve  consists  of  a  small  bulb  blown  at  one  end  of  a 
glass  tube,  the  other  end  of  which  is  fixed  in  a  cork  in  the  neck  of  the  beaker 
float  ;  the  valve  seating  is  a  short  bit  of  glass  tubing  ;  if  the  end  of  this 
tubing  is  first  made  square  by  rubbing  on  emery  cloth,  a  very  few  minutes' 
grinding  of  the  valve  on  its  seating  will  then  make  it  almost  airtight.  The 
arrangement  of  the  valve-seating  in  a  cork  in  a  slightly  wider  glass  tube 
connected  at  one  end  with  the  gas  supply  pipe  and  at  the  other  end  passing 
through  a  cork  in  the  cylindrical  vessel,  is  obvious  from  the  drawing. 
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In  setting  up  the  apparatus,  water  is  poured  into  the  outer  vessel ;  when 
gas  is  passed  through  in  the  direction  shown  by  arrows  it  meets  with  no 
resistance  until  the  pressure  of  gas  in  the  inner  vessel  causes  the  water  level, 
and  consequently  the  beaker,  to  sink,  and  so  closes,  or  nearly  closes,  the  valve. 
If  the  initial  pressure  is  high  enough,  the  pressure  in  the  inner  vessel,  that  is, 
the  gas  delivery  pressure,  will  be  maintained  constant  at  an  amount  equal  to 
the  difference  of  water  level  in  the  two  vessels  when  the  valve  is  just  closing. 
Pouring  water  into  the  outer  vessel  will  give  a  higher  pressure,  taking  it  out 
will  reduce  it. 

In  model  B  the  inlet  and  outlet  tubes  have  to  be  blown  into  a  vertical 
tube  ;  the  valve  is  a  glass  rod  fixed  in  the  cork  of  the  float  at  one  end  and 
having  a  cylindrical  cap  at  the  other  which  fits  in  the  vertical  tube  as  closely 
as  is  consistent  with  free  movement.  A  piece  of  glass  tube  with  a  cork  in  it, 
in  which  the  rod  is  lixcd,  will  furnish  a  suitable  cap.  The  working  of  the 
regulator  is  virtually  the  same  as  w.ith  model  A  :  in  practice  the  valve  would, 
as  a  rule,  be  slightly  lower  down  than  is  shown  in  the  figure. 

In  constructing  a  regulator,  unless  the  inner  vessel  and  accessories  arc 
heav}'^,  they  should  be  fixed  in  the  cork  of  the  outer  vessel  as  in  Fig.  2,  other- 
wise the  buoyancy  due  to  the  gas  displacing  water  will  cause  them  to  upset. 
The  area  of  cross-section  of  the  float  should  be  large  compared  with  that  of 
the  valve,  in  order  that  the  pressure  exerted  on  the  top  of  the  valve  by  the 
inlet  gas  should  be  neghgible,  otherwise  a  large  excess  of  inlet  over  outlet 
pressure  may  cause  the  valve  to  close  and  remain  closed. 

Of  the  two  types,  A  gives  a  verj'  constant  pressure,  and  if  the  valve  is  well 
ground  the  flow  can  be  reduced  almost  to  nothing.  Its  disadvantage  con- 
sists in  the  fact  that  a  sudden  change  of  flow  may  set  up  a  vibration  which 
will  keep  on  more  or  less  indefinitel}'.  In  ordinary  use  with  a  gas  oven,  for 
example,  this  rarely  or  never  occurs ;  it  could  probably  be  obviated  by  a 
slight  modification  of  the  shape  of  the  valve. 

Model  B  has  a  less  positive  cut-off  of  the  gas,  so  that  it  does  not  give  such, 
a  constant  pressure  as  A,  and  the  flow  of  the  gas  cannot  be  reduced  below 
the  point  where  it  becomes  comparable  with  the  leak  past  the  valve  ;  but  for* 
a  large  flow  of  gas  where  an  absolutely  constant  pressure  is  not  required, 
as,  for  example,  for  a  combustion  furnace,  it  gives  very  satisfactory  results, 
and  it  never  vibrates  like  model  .4.  For  any  definite  flow  the  pressure 
remains  constant,  but  an  increase  of  flow  will  slightly  decrease  the  pressure. 

Mines  Branch,  Department  of  Mines, 
Ottawa,  Canada. 


RELATIONS  BETWEEN  CRITICAL  TEMPERATURES, 
BOILIXG-POIXTS.  AXD  EXPAXSIOX  COEFFICIENTS 
OF   LIQUIDS.     FORMULA   OF   AVENARIUS. 

By   ph.   a.  GUYE,  Professor  of  Chemistry  at  the   University  of  Geneva. 

(A  Commnuication  made  to  the  Traxs.^ctions  of  the  Faraday  Society.) 

A  recent  note  on  this  subject  by  E.  B.  R.  Prideaux  ■•'■  induces  me  to  offer 
two  remarks  ;  they  will,  I  think,  be  found  useful  for  this  kind  of  research. 

I. 
The  formula  of  Mendelejeff  + — 

as  well  as  the  formula  of  Thorpe  and  Riicker^  which  follows  from  it — 

are  certainly  verj'  interesting  and  admit  of  being  applied  in  such  researches. 

It  should  never  be  overlooked,  however,  that  these  relations  are  merely 

approximations.     In  fact,  the  formula  of  Mendelejeff  ma}-  also  be  written — 

^^  "  :i  + /c/ +  A-/=  + /;3/3,..). 

Thus  developed  into  a  series,  the  expression  i/(i  —  kf)  onl}-  forms  a  special 
case  of  the  usual  empirical  formula — 

V,=  V,(i  +  ai  +  bt^  +  cl3...), 

but  it  offers  less  scope  for  determining  the  values  and  the  signs  of  the 
cqefficients  of  the  terms  containing  / ;  it  can,  therefore,  only  give  a  smaller 
exactness. 

It  is,  moreover,  easy  to  convince  ourselves  that  when  we  calculate  k  for 
the  same  liquid,  starting  from  diverse  systems  of  values  V„  \\,  T„  T^,  the 
discrepancies  will  certainly  much  exceed  the  errors  of  observation. 

In  accord  with  the  theory  experiments  thus  confirm  that  the  relation  (i) 
can  only  be  approximately  true  ;  it  will  in  general  be  the  more  accurate,  the 
less  the  dilatation  of  the  liquid  will  deviate  from  tlie  linear  form. 

Somewhat  the  same  statement  may  be  made  with  regard  to  relation  (2), 
which — as  is  well  known — results  from  a  combination  of  formula  (i)  with 
a  consequence  of  the  theory  of  corresponding  states. 

Relation  (2),  however,  or  its  equivalent — 

V,_D,_aT,  — T, 

V,      D.      a%-'l\ 

•  Prideaux,  Trans.  Faraday  Soc,  6,  155  (1911). 
t  Mendelejeff,  J.  Chcm.  Soc.  Trans,  45,  126  (18841. 
J  Thorpe  and  Riicker,  ibid. 


(3) 
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expresses  the  dilatation  of  liquids  much  better  than  (i),  as  Thorpe  and 
Riicker  pointed  out.  Nevertheless,  the  approximate  character  of  this  rela- 
tion results  from  the  fact  that,  when  we  determine,  for  the  same  liquid, 
several  values  of  a,  these  values  will  show  discrepancies  which  will  be  much 
greater  than  the  experimental  errors. 

We  proved  many  years  ago  already*  that  the  boiling-point  on  the  absolute 
scale  T,  may  be  substituted  for  the  critical  temperature  T,  on  the  absolute 
scale.     Tlius  we  can  write — 

V,  _  D,  _  a"I>-T„ 

v:~D;~'.ri>^T. ^-^^ 

in  which  a'  is  a  new  constant  approximately  equal  3-09  (whilst  a  =  r974  on 
average). 

Thus  we  obtain  an  expression  which  will,  on  the  whole,  well  represent  the 
dilatation  of  liquids  in  large  temperature  intervals  ;  particularly  when  the 
mean  value  of  a  is  determined  which  best  conforms  to  each  liquid.  Then 
the  calculated  and  observed  densities  will  very  rarely  differ  by  more  than 
I  :  1,000. 

It  will  be  noticed  that  formula  (4)  follows  from  formula  (3)  by  having 
recourse  to  the  relation — 

T._     „ 
Y  —  ^03 

which  I  derived,!  in  quite  an  independent  manner,  at  the  same  time  as 
Guldberg  in  1890. 

II. 

It  would  be  of  considerable  advantage  to  use  other,  more  accurate 
formulae,  instead  of  those  just  discussed,  which  are  at  present  largely  applied 
in  the  study  of  the  relations  between  the  expansion  and  the  volatility  of 
liquids.  This  is  all  the  more  advisable,  since  we  possess,  in  the  formula  of 
Avenarius,  already  a  relation  which  is  more  exact  than  those  mentioned,  as 
Mallet  and  Friderich  demonstrated  in  1902.+  As  this  memoir  was  published 
in  Proceedings,  which  are  not  readily  accessible  in  chemical  laboratories, 
I  thought  it  would  be  appropriate  if  I  called  attention  to  the  principal  results 
of  this  investigation. 

The  formula  of  Avenarius — 

log  V  =  c  —  t/  log  (A  —  /) (5) 

contains  only  three  constants  ;  how  they  are  calculated  has  been  indicated 
by  the  just  quoted  authors.  Verified  by  the  data  concerning  the  orthobaric 
densities  of  25  normal  non-associated  liquids  studied  by  S.  Young,  the  formula 
expresses  very  accurately  the  orthobaric  expansion  curve  up  to  temperatures 
about  30°  or  40°  below  the  critical  temperature.  Within  these  limits  the 
formula  yields  excellent  results  for  temperature  intervals  ranging  from  150" 

*  Guye  and  Jordan,  Bull.  Soc.  Chivi.  15,  306  (1896). 

t  Guye,  Bull.  Soc.  Cliiin.  4,  262  (1S90)  ;  a  preliminary  note  had  been  com- 
municated to  the  meeting  of  the  Paris  Societe  Chimique  of  July  4,  1890  (loc.  at. 
p.  104).  Guldberg  published  his  memoir  in  the  Ztits.  Pliysik.  Client.  5,  374.  The 
mean  value  for  T^/T^  =  1-55,  at  which  I  had  arrived,  viz.,  Tf/T<r  =  i/i"55  =  C'^S-  "s 
in  agreement  with  that  indicated  by  Guldberg,  viz.,  O'bj.  I  give  these  details 
because  the  relation  is  generally  associated  onlv  with  the  name  of  Guldberg. 

+  Mallet  and  Friderich,  Arch.  Sc.  pliys.^fht.  Gtiicvc,  14,  50  (1902). 
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to  300".     The  formula  permits  of  determining,  by  a  very  simple  calculation, 
for  each  temperature  the  value  livjiii — 


di'  _  li  lojf  t- 
dt  ~  A^^ 


(6) 


and  consequentiv  also  the  dilatation    coefficient        -jV  at   anv  temperature. 

X'     ill  ' 

The  observed  and  calculated  values  of  di'ldt  are  in  remarkable  concordance. 

Very  interesting  approximate  relations  now  exist  between  the  three 
constants  of  formula  (5),  namely:  (i)  the  constant  A  is  very  nearly  the 
observed  critical  temperature,  exceeding  the  latter  generally  by  5°  or  10°. 
(2)  There  is  a  sensibly  constant  interrelation  between  the  constants  c  and  d  ; 
as  a  first  approximation  c  :  rf  is  ^378.  In  the  case  of  the  25  liquids  studied 
by  Mallet  and  Friderich,  the  difference  between  the  ratio  c  :d  and  the  figure 
378  amounts  in  the  mean  to  ±  i  per  cent.  It  is  remarkable  that  the  number 
378  agrees  almost  exactlv  with  that  found  by  S.  Young  for  the  ratio  of  tlie 
observed  critical  density  to  the  theoretical  critical  density. 

These  results  are  particularly  interesting.  According  to  the  first  we  may 
ask  ourselves,  in  conjunction  with  several  authors,  whether  the  critical 
observed  temperatures  correspond  to  the  theoretical  considerations  which 
concern  the  liquid  state.  The  second,  combined  with  the  first,  shows  that 
the  formula  of  Avenarius  contains,  as  a  first  approximation,  not  any  specific 
constant  of  the  liquid  state  :  A  coincides  within  a  few  degrees  with  the 
critical  temperature  ;  the  term  c  must  represent  the  critical  density,  and  the 
ratio  c  :  </  is  constant. 

It  will  finally  be  noticed,  as  the  authors  have  pointed  out,  that  the  formula 
of  Avenarius  must  necessarily  be  more  precise  than  those  of  Mendelejeff  and 
of  Thorpe  and  Riicker.     The  expression  (6)  may  indeed  be  written — 


which  is  evidently  analogous  to  the  formula- 


I  —  kt 


of  Mendelejeff.     The  formula  of  Avenarius  therefore  expresses  the  coefficient 

^^   by  a  function  which   is  identical  with  that  selected  by  Mendelejeff  for 

representing  the  volume,  and  must  thus  always  be  superior  to  it. 

All  these  considerations  will  certainly  justify  a  more  frequent  application 
of  this  formula. 

Geneva,  Laeoratoire  de  Chimie  Physique 

DE    L'UXIVERSITE, 
March,  191 1. 


THE   ALLOTROPY    OF    METALS. 

By  ERNST  COHEX,  Professor  of  Physical  Chemistry  at  the  University 

of  Utrecht. 

[A  Lecture  delivered  before  the  Fivaday  Society,  Tuesday,  June  13,   1911, 
Mr.  G.  T.  Kkii.hy,  F.H.S.,  Vice-President,  in  the  Chair.) 

Micliael  Faraday,  the  great  masster  whose  name  adorns  your  Society,  gave 
in  one  of  his  letters  to  his  friend  Abbot  his  opinion  on  the  subject  of  lectures 
and  lecturers  in  general.  He  does  not  approve  of  a  lecturer  reading  what 
he  has  to  say,  and  further  lie  says  that  one  hour  is  quite  long  enough  to  listen 
to  any  one  speaking,  I  will  try  to  follow  Faraday's  advice  in  speaking  about 
some  of  the  researches  on  allotropy  of  metals  I  have  carried  out  these  last 
twelve  years,  either  alone  or  in  collaboration  with  my  pupils. 

The  conception  of  "  allotropy,"  you  are  well  aware,  is  due  to  our  old 
Swedish  master  Berzelius.  In  the  twentieth  volume  of  his  annual  he  wrote  : 
"  I  must  point  out  on  this  occasion  that  the  term  isomery,  which  designates 
diverse  compounds,  composed  of  equal  numbers  of  atoms  of  the  same  ele- 
ments, is  no  longer  appropriate  to  explain  the  cause  of  the  different  properties 
which  are  displayed  by  the  different  conditions  in  which  sulphur,  carbon,  sili- 
con, and  perhaps  several  other  substances  occur.  If  isomery  be  sufficient  to 
express  the  relations  between  formate  of  ethvl  oxide  and  acetate  of  methyl 
oxide,  it  is  unsuitable  as  regards  the  unequal  conditions  under  which  simple 
bodies  assume  different  properties.  These  cases  are  more  appropriately 
designated  by  the  term  allotropy  {ciWoTpoiroo) ,  which  signifies  :  of  unequal 
quality,  or  by  allotropic  state." 

I  must  not  attempt  this  evening  to  give  you  an  historical  review  of  the 
changes  which  the  conception  of  allotrop}'  has  undergone  in  the  course  of 
time,  or  to  investigate  how  this  conception  should  be  defined  so  as  to 
meet  all  demands  that  can  at  present  be  made.  And  although  I  should 
willingly  put  mv  name  under  the  words  whicli  Faraday  addressed  to  Abbot  in 
a  letter  :  "  Definitions,  dear  Abbot,  arc  valuable  things  ;  I  like  them  very 
much  and  will  be  glad,  when  you  meet  with  clever  ones,  if  you  will  transcribe 
them,"  time  will  not  allow  my  dwelling  upon  this  question. 

I  believe  it  is  not  going  too  far  to  assert  that  all  the  elements  can  occur  in 
more  than  one  allotropic  modification,  and  that  our  task  is  to  investigate  the 
conditions  under  which  the  different  modifications  of  an  element  can  exist 
and  to  inquire  into  their  mutual  relations.  I  have  worked  in  this  direction  in 
conjunction  with  my  pupils  and  friends.  Doctors  Collins,  van  Eyk,  E.  Gold- 
schmidt,  van  Heteren,  Professor  Katsuji  Inouye,  Kaiser,  Kroner,  Olie,  Ringer,  and 
Strengers.  We  have  investigatetl  the  allotropy  of  silver,  gold,  bismuth,  iodine, 
phosphorus,  lead,  antimony,  tin  and  tellurium.  Since  the  time  at  my  disposal 
is  limited,  I  must  make  a  choice  of  the  metals  among  these  elements,  and 
I  shall  confine  myself  this  evening  to  the  metals  tin  and  antimony.  I 
would  refer  members  to  my  publications  in  the  Zcitschrift  fiir  Physikalische 
Chemic.  -  _• 
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I  will  tirst  speak  of  tiic 

Allot  ropy  of  Tin. 

O.  L.  Erdmann  drew  in  185 1  the  attention  of  the  Koni«lich  Siichsischc 
Gesellschaft  der  Wissenschaften  to  a  peculiar  alteration  in  the  structure  of 
some  orsan  pipes  which  he  had  observed  in  the  castle  church  of  the  village  of 
Zeitz.  krdmann  attributed  the  change,  which  had  caused  a  complete  decay 
of  the  pipes,  to  the  concussions  to  which  the  material  had  been  exposed. 
The  observation  was  not  heeded  for  some  years,  until  Fritzsche  in 
Petersburg  once  more  called  the  attention  of  chemists  to  this  peculiarity. 
Since  our  observations  to  a  large  extent  are  in  perfect  accord  with  those  of 
the  Russian  scientist,  I  will  quote  his  account : 

"The  chief  of  a  commercial  firm  informed  me  in  February,  1868,  that 
many  blocks  of  Banca-tin,  belonging  to  the  same  consignment,  had  decayed 
in  the  store  of  the  custom-house.  I  remembered  dimly  that  some  years 
previous  a  large  number  of  cast-tin  buttons  for  military  uniforms  which 
had  been  kept  in  one  of  the  Crown  magazines  had  been  found  to  have 
decayed  into  a  shapeless  mass  when  an  inspection  took  place,  and  that  an 
inquirv  into  this  inexplicable  occurrence  had  been  opened  at  the  time.  I  did 
not  know  whether  this  inquiry  had  led  to  any  result.  I  therefore  at  oncc- 
examined  the  new  case  of  tin  decay  at  the  spot,  and  I  ascertained  that,  while 
a  certain  number  of  blocks  had  completely  preserved  their  normal  appear- 
ance, others  had  suffered  a  more  or  less  profound  change  in  their  structure. 

"  From  the  very  first  I  had  inclined  to  the  opinion  that  the  cause  of  the 
change  in  structure  was  the  exceptionally  low  temperature  of  the  winter 
1867-68  at  St.  Petersburg.  (On  January  26th  the  thermometer  had  gone  down 
to  —  38°  C.)  I,  therefore,  in  May,  1869,  submitted  tin  to  an  artificially  produced 
low  temperature  below  the  freezing-point  of  mercury,  and  I  had  the  satis- 
faction to  observe  that  tin,  at  this  low  temperature,  soon  underwent  a  change 
in  structure  entirely  corresponding  to  that  found  in  February,  1868.  Inquiries 
made  meanwhile  had  moreover  acquainted  me  witli  various  additional  cir- 
cumstances. Thus  another  firm  informed  me  that  another  portion  of  Banca- 
tin  had  suffered  in  the  same  way  during  the  winter  1867-68,  and  that  this 
decay  of  tin  at  extreme  cold  was  well  known  in  his  establishment,  especially 
to  the  men  emploj'ed  in  the  tin  stores  ;  they  had,  indeed,  a  special  name  for 
this  tin,  a  Russian  word,  which  might  be  translated  tin  that  can  be  scattered 
about.  The  chief  of  a  Moscow  drug-house,  whom  I  met  here,  told  me  that  he 
had  iiimself  seen  the  decay  of  Banca-tin  several  times  during  very  cold 
weather  in  the  winter  fair  at  Irbit ;  the  tin  would  swell  and  develop  warts 
and  drops  which  would  adhere  to  a  copper  wire,  as  if  they  consisted  of 
mercurv  ;  this  he  considered  an  incontestable  proof  that  Banca-tin  contained 
mercur)-. 

"After  this  historical  introduction  I  pass  to  a  description  of  the  special  con- 
dition in  which  I  found  the  altered  tin.  Whilst,  as  I  stated  already,  some 
blocks  had  remained  entirely  unchanged,  others  had  undergone  a  more  or 
less  radical  alteration.  These  latter  blocks  had  assumed  a  brittle  consistency. 
Isolated  spots  at  the  surface  with  warty  swellings  were  at  once  recognisable, 
or  swellings  extended  from  larger  portions  of  the  surface  wliich  still  retained 
some  cohesion,  more  or  less  deeply  into  the  interior.  Other  blocks  had  lost 
their  metallic  lustre  completely  ;  they  either  looked  dull,  of  a  radial-fibrous 
texture,  throughout  their  mass,  or  the  surface  had  alone  turned  crystalline, 
whilst  the  interior  had  retained  its  metallic  appearance  ;  a  saw  cut  displayed 
these  differences  at  once.  The  completely  changed  blocks  had  partly  turned 
into   a  grainy  powdered  mass,  like  sand  ;  other  portions  formed  lumps  of 
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various  dimensions  up  to  the  size  of  a  fist,  of  loose  cohesion  and  fibrous 
texture.  In  the  specimens  which  had  been  exposed  to  artificial  cold,  the 
effect  of  the  cold  had  apparently  started  from  certain  spots  and  had  spread 
under  development  of  a  warty  extumescence  and  of  a  course  fibrous  texture. 
Where  two  such  centres  met,  fissures  formed  along  the  boundary  suggesting 
a  rough  mosaic  structure  ;  the  material  could  easily  be  separated  at  these 
fissures. 

"  The  colour  of  this  modified  tin  is  decidedly  grey,  and  distinctly  different 
from  that  of  the  ordinary  bright  metal.  When  the  tin  is  heated  this 
colour  undergoes  a  very  striking  change.  When  hot  water  is  poured  over 
the  tin,  the  dark  grey  colour  becomes,  much  lighter,  almost  like  that  of 
ordinary  tin.  It  is  immaterial  whether  dry  or  wet  heat  is  applied,  and 
neither  the  water  nor  the  aqueous  vapour  takes  any  part  in  this  change  of 
colour.  When  a  stoppered  glass  bottle,  filled  with  sandy,  dark  grey  tin,  was 
heated  in  a  water-bath  until  the  colour  had  become  much  lighter,  I  noticed 
a  not  inconsiderable  diminution  of  the  volume.  I  then  exposed  such  fairly 
white  tin,  of  smaller  volume  than  the  grey  tin  from  which  it  was  obtained, 
again  to  a  temperature  below  the  freezing-point  of  mercury,  with  the  curious 
result  that  the  colour  became  dark  again,  and  that  the  sandy  mass  which 
had  loosely  filled  the  bottle  would  not  run  out  when  the  bottle  was  turned 
upside  down.  The  volume  had  probably  increased  again,  so  that  the  grains 
pressed  against  one  another  and  were  impeded  in  their  gliding  over  each 
other. 

"  When  the  grey  tin  is  heated  up  to  melting,  a  certain,  not  insignificant 
portion  of  it  remains  behind  in  the  oxidised  state  ;  this  again-is  a  consequence 
of  its  broken-up  structure.  The  fused  tin  regains  on  cooling  entireh-  the 
appearance  of  ordinary  tin,  and  when  re-exposed  to  low  temperature  it 
undergoes  the  same  changes  as  before,  provided  it  had  not  been  contaminated 
with  other  metals  during  fusion." 

I  have  here  (Fig.  i)  a  block  of  Banca-tin,  originally  35  kg.  in  weight, 
which  shows  the  first  described  phenomena  to  a  marked  degree,  especially 
when  compared  with  an  unchanged  block  (Fig.  2).  The  corroded  block  had  . 
been  returned  by  a  Moscow  firm  to  Rotterdam  because  an  adulteration  was 
suspected.  The  tin  has  turned  grey  by  the  kilogramme,  as  you  perceive, 
and  the  grey  powder  is  still  dropping  from  the  block.  I  wish  to  emphasise 
that  analyses  prove  the  tin  in  question  to  be  very  pure  ;  it  does  not  contain 
more  than  o'os  per  cent  of  impurities. 

I  will  not  dwell  upon  the  different  opinions  which  various  chemists  have 
expressed  concerning  these  phenomena.  It  is  clear  that  the  phenomenon 
had  pretty  frequently  been  observed,  and  that  the  saying  applies  in  this  case 
as  in  others,  "  Many  men,  many  minds." 

Before  I  proceed  to  an  exposition  of  the  results  of  our  investigations,  I 
will  refer  to  a  well-known  phenomenon,  the  clear  understanding  of  which 
is  important  for  our  consideration.  Imagine  a  certain  bulk  of  water  confined 
in  a  closed  vessel.  The  bulk  of  water  must  be  sufficiently  large  to  ensure 
that  the  space  above  the  water  will,  at  all  the  temperatures  at  which  we 
may  experiment,  be  saturated  with  water-vapour.  Let  us  connect  the  vessel 
with  a  manometer  and  plot  the  pressure  of  the  saturated  vapour  P  as  ordinate 
against  the  temperature  T  on  a  system  of  rectangular  co-ordinates  (Fig.  3). 

When  we  cool  the  vessel  the  vapour  pressure  will  follow  the  curve  a  bed; 
at  the  point  e,  which  corresponds  to  0°  C,  the  water  will  freeze.  Below  that 
temperature  we  can  no  longer  speak  of  a  vapour  pressure  curve  of  water. 
But  the  curve  cfgh  will  indicate  the  vapour  tension,  or,  better  expressed, 
the   sublimation   pressDre  of  the  froz<rfi  water,  ice.      We  know  that  solids 
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possess  a  certain  vapour  tension  at  every  temperature.  I  may  remind  you 
of  naphthalene,  which  \vc  use  in  lumps  in  our  wardrobes  ;  those  pieces  of 
naphthalene  get  smaller  and  smaller  and  disappear  altogether  tinallv. 

The  water  in  our  vessel  may  be  cooled  in  other  wavs,  and  this  cooling 
may  be  effected  so  slowly  that  the  water  remains  liquid  below  the  freezing- 
point.  The  resulting  curve  will  be  e  /'  g"  li',  and  we  see  that  the  vapour 
tension  of  the  liquid  water  at  the  points/'  g'  li'  is  greater  than  the  sublimation 
pressure /f  /;  at  the  same  temperatures.  The  liquid  water  below  0°  C.  is  not 
in  a  stable  condition  ;  its  condition  is  metastable.  When  we  introduce  a  tinv 
crystal  of  ice  {i.e.,  the  stable,  solid  phase  of  water  below  o^  C.)  into  the  so-called 
undercooled  water,  the  whole  bulk  will  freeze  in  an  instant,  and  we  come 
back  to  the  sublimation  curve. 

I  should  like  to  point  out  that  it  is  possible,  under  favourable  conditions, 
to  preserve  undercooled  water  for  long  periods  in  its  liquid  (metastable) 
condition.  It  is  necessary  for  this  purpose  to  keep  out  germs  of  the  stable 
solid  phase  (ice). 

We  may  thus  state  :    Below  0°  C.  ice  is  the  stable  solid  phase  of  water. 
When  the  ice  is  heated  above  o'  C,  it  passes  into  water  which  is  the  liquid 
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phase  stable  above  o^  C.  The  point  which  marks  the  separation  of  the  two 
stable  phases  is  the  melting-point  ;  in  a  more  general  sense  we  may  call  it 
the  transition-point.  Below  this  point  the  ice  is  the  stable  phase,  above 
it  the  water.  At  .the  transition-point  both  the  phases  can  co-exist  in  stable 
equilibrium.  When  we  cool  we  can,  therefore,  after  arriving  at  this  point 
e,  proceed  by  two  paths  :  either  on  the  curve  f gh  ,which  corresponds  to 
the  state  stable  below  0°  C.  (ice),  or  on  the  curve/  ^'  h'  which  corresponds 
to  undercooled  water,  metastable  below  0°  C.  The  transformation  of  water 
into  ice  and  of  ice  into  water  is  a  so-called  reversible  process  and  may,  after 
van't  Hoff,  be  represented  by 

0° 
ice  <r   >  water. 

The  figure  marked  above  the  symbols  indicates  that  the  point  of  transition, 
the  temperature  at  which  the  two  phases  co-exist  in  stable  equilibrium,  is 
zero  centigrade.  Our  investigation  now  proves  that  the  conditions'  of 
equihbrium  which  hold  for  ice  and  water  may  directly  be  applied  to  the 
case  of  tin.  We  have  found  that  there  is,  in  this  case  as  well,  a  trans- 
formation temperature  ;    Fritzsche's   observations  indeed  already  suggested 
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a  reversible  process.  In  order  to  determine  the  temperature  of  transi- 
tion we  devised  the  transition  cell,  illustrated  in  Fig.  4.  Both  the  limbs  of 
the  glass  vessel  are  charged  witli  a  few  grammes  of  grey  tin  and  a  few  cm.^ 
of  an  aqueous  solution  of  pink  salt  (10  per  cent.).  Platinum  wires  with 
terminals  are  inserted  into  tlie  capillaries.  The  one  limb  is  now  heated  by 
being  dipped  into  a  beaker  containing  water  at  80°  C,  while  the  other  limb  is 
kept  cool  in  ice-water.  In  the  warm  limb  the  grey  tin  turns  into  white  tin. 
The  whole  cell  is  then  placed  in  a  thermostat  which  is  kept  at  5°,  10°, 
15^^  .  .  .  C.  and  the  electromotive  forces  of  the  cell  are  determined  at  these 
temperatures  by  the  Poggendorff  potentiometer  method.  It  resulted  that 
the  e.  m.  f.  became  zero  at  18°  C,  which  signified  that  the  grey  tin  was  converted 
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into  white  tin  at  that  temperature.     The  reversible  process  may  hence  be  ' 
written 

18° 
grey  tin  ^  >  white  tin. 
entirely  analogous  to 

0° 
ice  ^    >  water. 

The  determinations  also  brought  out  the  fact,  which  was  very  important 
for  our  further  investigation,  that  the  presence  of  the  pink  salt  solution 
accelerated  the  transformation  in  boih  directions.  Theoretical  considerations 
would  explain  the  reason,  but  I  will  not  enter  into  this. 

It  will  presently  be  recognised  as  a  matter  of  great  practical  importance 
that  the  transition 

grey  tin  — >  white  tin 

is  accompanied  by  a  considerable  diminiiiion  in  volume,  while  the  transition 

White  iin  — >  grey  tin 

is  accompanied  by  an  equal  increase  in  volume. 

The  volume  change  amounts  to  as  much  as  30  per  cent,  approximately. 
I  will  demonstrate  it  with  the  aid  of  the  apparatus  illustrated  in  Fig.  5.  The 
cylindrical  vessel  A  is  charged  with  60  or  70  grammes  of  grey  tin  and  the 
U-tube  {7  with  mercury  ;  the  tube  B^  then  filled  with  water  carefully  freed 
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from  air  bv  boiling,  and  the  tap  A'  is  closed.  On  the  mercury  floats  a 
small  iron  weight  F  which  is  attached  to  a  fine  thread.  The  thread  is  carried 
over  the  brass  disc  S  and  fi.xed  in  it,  by  being  passed  through  a  hole  ;  the 
steel  spindle  of  the  disc  ends  in  two  sharp  points,  so  that  the  disc  will  readily 
turn  in  the  frame  H  ;  the  frame  is  clamped  on  an  ordinary  stand.  The  disc  5> 
is  provided  with  a  pointer  G  U' which  moves  over  a  divided  scale  (not  marked 
in  the  diagram).  The  position  of  the  pointer  is  regulated  by  pouring  water 
into  B  and  opening  the  tap  A',  until  the  pointer  marks  zero.  The  vessel  A  is 
now  dipped  into  water  at  about  80°,  contained  in  a  beaker.  The  transforma- 
tion of  grey  tin  into  the  white  modification  starts  at  once,  the  mercury  in  U 
sinks,  and  the  pointer  rises.  You  see  that  in  this  way  the  increase  in  volume 
may  be  demonstrated  to  a  large  audience. 

The  determination  of  the  densities  of  the  two  modifications  of  tin,  of 
course,  leads  to  the  same  result.     The  specific  gravities  at  18°  C.  are — 

white  tin  7"28 
grey  tin  579. 

The  enormous  increase  in  volume  which  accompanies  the  change  of 
white  tin  into  the  grey  modification  accounts  for  the  fact  that  tin  objects 
decay  when  undergoing  this  transformation.  Grey  warts  are  first  noticed 
on  the  surface  ;  they  crumble  into  a  line  dust  subsequently.  Attempts  to  re- 
convert this  grey  dust  into  white  coherent  tin,  by  lieating  to  temperatures  above 
18°  C,  will  fail.  Owing  to  the  line  subdivision  of  the  material  there  is  a 
strong  oxidation,  and  the  object  loses  its  cohesive  strength.  Since  the 
transformation  of  the  tin  into  the  grey  modification  renders  the  material 
useless,  I  have  designated  it  by  the  name  tin  fcst.  We  shall  see  that 
other  considerations  likewise  suggest  the  application  of  a  term  which 
reminds  us  of  a  disease. 

Now  what  does  the  fact  signify  that  the  transition  temperature  of  the 
process 

grev  tin  ^   >.  white  tin 
is  18^  C? 

The  equation  states  that  white  tin  should  completely  turn  into  grev  tin, 
when  it  is  cooled  to  temperatures  below  +  18°  C.  But  we  know  from  our 
daily  experience  that  many  tin  objects  remain  of  the  white  modification 
when  kept  at  ordinary  room  temperature.  The  case  is  thus  like  that  of 
water  which,  though  cooled  below  freczing-poinl,  continues  to  remain  liquid. 
But  we  have  seen  that  this  water  is  in  an  unstable  condition,  and  that  the 
introduction  of  a  tiny  germ  of  the  modification  of  water  which  is  stable  at 
that  temperature,  namely  ice,  suffices  to  effect  the  conversion  of  the  under- 
cooled  water  into  ice.  The  case  of  tin  is  analogous,  and  we  arrive  at  the 
interesting  conclusion,  that  our  entire  stock  of  tin  is  constantly  in  a  metasiable 
condition,  those  -warm  days  excepted  in  wlticli  the  temperature  rises  above  18°  C. 

We  may  further  conclude  that  the  metastable  phase  will  pass  into  the 
stable  phase,  if  we  introduce  a  germ  of  the  latter,  that  is  to  say,  if  we  bring, 
at  a  temperature  below  18^  C.  an  object  of  white  tin  in  contact  with  a  germ 
of  grey  tin.  The  respective  object  should  decay.  This  is  indeed  a  fact. 
The  block  of  Banca-tin  (compare  Fig.  6),  which  I  show  you  here,  was 
originally  white  tin.  I  have  brought  this  block  in  contact  with  some  germs 
of  grey  tin  and  also  with  a  solution  of  pink  salt  in  order  to  hasten  the  trans- 
formation. The  whole  was  kept  at  —  5°  C.  for  several  weeks.  You  perceive, 
the  block  has  been  infected  and  the  tin  pest  has  developed  on  the  surface. 
Fig.  7  shows  the  same  block  after  eight  years  of  illness ;  the  block  had  been 
kept  in  a  cupboard  of  my  laboratory  at  +  15^  C. 
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We  may  then  assert  quite  generally  :  any  object  of  tin  which  is  at  a 
temperature  below  18=^  C.  will  become  a  victim  to  the  tin  pest.  That  the 
disease  proceeds  slowly  on  the  whole  is  probably  connected  with  the  fact 
that  transformations  of  this  kind  advance  slowly  in  solid  materials.  I  should 
like  to  emphasise,  however,  that  when  the  tin  pest  has  appeared  in  some 
spot,  the  thus  formed  new  germs  constitute  new  centres  for  the  decay  ;  they 
"  infect "  their  surroundings,  and  the  decay  is  more  and  more  accelerated. 
We  may  therefore  speak  of  an  infectious  disease. 

The  rate  of  the  decay  depends,  among  other  things,  upon  the  temperature. 
I  cannot  give  details  this  evening,  and  will  content  myself  with  the  remark, 
that  the  most  rapid  rate  seems  to  lie  near  —  45^  C,  and  that  the  velocity 
increases  within  certain  limits  the  more,  the  more  the  temperature  descends 
below  the  transition  point.  The  curves  Figs.  8  and  9  show  the  rate  of 
change  as  a  function  of  the  temperature. 

In  the  immediate  neighbourhood  of  18°  the  velocity  of  change  will  tlius  be 
small.  When,  however,  a  tin  object  has  been  kept  at  room  temperature  for 
^iecades  or  for  centuries,  one  may  with  certainty  presume  the  presence  of  the 
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disease.  Some  striking  examples,  to  which  I  now  wish  to  draw  your  atten- 
tion, will  prove  this. 

A  long  time  ago  an  antique  tin  dish  was  found  near  Appleshaw,  in  Hamp- 
shire ;  it  is  now  in  the  British  Museum.  In  a  memoir  on  this  find  Engleheart 
^ays,  November  25,  1897  : 

"  Portion  of  lou.'  vase,  probably  of  oval  section  ;  foot  rim  :  height 
2h  inches;  diameter  uncertain,  about  8  inches;  composition:  tin  94*35 
per  cent.  ;  lead  5*06  ;  iron  trace  ;  copper  trace  ;  oxygen,  carbonic  acid  and 
loss  0'59  per  cent.  The  extraordinary  molecular  change  which  the  metal  of 
this  vessel  has  undergone  is  of  more  interest  to  the  physicist  and  metallurgist 
than  to  the  antiquary  ;  a  brief  note  respecting  it,  however,  cannot  be  omitted 
here.  The  metal  is  not  much  oxidised  :  yet  it  is  so  exceedingly  brittle  that  it 
can  easily  be  broken  with  the  fingers.  The  effect  of  time  upon  it  has  resulted 
in  a  complete  alteration  of  its  molecular  structure,  the  mass  of  the  alloy  being 
converted  into  an  agglomeration  of  crystals,  and  to  this  its  brittleness  is  due. 
On  melting  and  casting  a  small  fragment  I  found  that  the  crystalline  structure 
■disappeared,  and  the  metal  regained  its  original  toughness." 

I  did  not  doubt  that  this  was  a  oase  of  tin  pest.    When  I  examined  a 
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small  fragment  from  this  vase,  I  ascertained  indeed  that  it  had  been  attacked 
bv  the  disease.  The  vase  dated  from  about  350  n.c,  and  had  probably  been 
lying  in  Hampshire  for  about  22  centuries  ;  the  mean  annual  temperature  in 
Hampshire,  I  was  informed,  lies  below  18°  C. 

A  second  very  striking  example  is  the  following.  In  his  "Traite  des 
Monnaies  Grecques  et  Romaines,"  Ernest  Babelon  says  :  "  Tous  les  collec- 
tionneurs  savent  que  les  monnaies  ou  monuments  monetiformes  en  etain 
s'alterent  assez  vite  a  point  de  tomber  en  poussiere.  L'epiderme  des  pieces 
a  cause  sans  doute  de  I'humidite  atmospherique,  se  boursouffle,  devient 
granuleuse  et  pulverulente  jusqu'a  la  decomposition  et  la  destruction  com- 
plete. De  nombreux  antiquaires  et  chimistes  se  sont  preoccupes  de 
trouver  des  moyens  pratiques  pour  prevenir  ou  arreter  cette  deplorable 
alteration." 

After  reading  this  I  applied  to  several  directors  of  museums  in  Holland 
and  other  countries.  Thej'  confirmed  the  statement,  without  being  able  to 
supply  me  with  specimens.  A  few  years  ago  I  obtained  possession  of  the  tin 
medal  which  I  show  you  (Figs.  10  and  11).  You  notice  that  it  is  badly  affected 
by  the  tin  pest  on  both  sides  ;  the  warts  of  grey  tin  have  attained  a  iieight  of 
several  millimetres.  The  medal  was  cast  about  1692  by  the  Leiden  medal 
maker,  Johannes  Smeltzing,  and  the  disease  has  thus  had  two  centuries  to 
develop. 

We  are  thus  confronted  with  a  miiscnin  disease  of  universal  occurrence, 
which  can  only  be  prevented  by  maintaining  the  temperature  of  the  rooms 
above  18°  C. ;  in  winter  the  rooms  will  have  to  be  heated.  Visits  to  the  stores 
of  dealers  in  antiques  have  entirely  confirmed  my  views.  Very  many  of  the 
tin  objects  to  be  found  there  are  more  or  less  affected  by  the  disease.  In  the 
coffee-pot  which  I  show  you  in  Fig.  12  holes  have  developed  which  penetrate 
to  the  interior.  That  our  church  organs  are  badly  subject  to  the  tin  pest  may 
be  imagined.  The  organ  pipes  which  are  illustrated  in  Fig.  13  come  from 
the  village  of  Ohlau,  in  Silesia.  The  church  had  partly  been  restored  in  1833. 
In  1884  twenty-four  pipes  were  found  decayed  ;  Fig.  14  shows  the  holes  in 
these  pipes.  Fig.  15  a  part  of  the  roof  of  the  town  hall  at  Rothenburg-a.-T.,  in 
Germany. 

Organ-builders  have  so  far  not  risked  to  utilise  the  material  of  old  pipes 
for  the  manufacture  of  new  pipes.  The  old  pipes  need  only  be  melted 
down  under  addition  of  coal  to  regain  white  tin  good  for  new  pipes.  If  the 
deterioration  of  church-organ  pipes  is  to  be  prevented  the  temperature  will 
have  to  be  kept  above  18°  C. 

You  see  that  our  scientific  researches  on  the  transformation  of  tin  have 
taken  us  over  into  the  domain  of  technics.  I  could  add  several  more  examples 
of  technical  interest,  bearing  on  other  technical  problems,  with  which  I  have 
become  acquainted  witliin  the  last  few  months.  As  I  am  not  permitted  to 
publish  details,  however,  I  will  refer  to  a  point  of  historical  intere.st.  In  the 
work  of  Aristotle  (or  Pseudo-Aristotle)  Utpi  davfiatriov  uKovatidnav  we  read  : 
Tov  Kaffainpov  ruv  KeXTiKov  Ti'iKEff^ai  <paai  ttoXv  rdxiov  fioXifiSov'  (ttj^uov  St  rrjg 
ivrri^iac,  on  rtjKta^ai  SokH  kuI  iv  rif)  vSaTi.  x^xit'Cii  yovv,  wg  toiKe,  raxv.  TtiKtrai  Ci  Kai 
tv  ToiQ  \l/vxf(Tiv,  OTCiv  ykvTiTai  TTuyj],  iyKaTaXeio/ievov  ivrog,  dig  ({laai,  Kai  (rvvtv^ovf^iivov 
Tov  ^iftoi)  Tov  ivii  TTuoxovTvc  avT(f»  £id  n]v  uab'iviiav,'^  which  may  be  translated 
into  :  "  They  say  that  the  Celtic  tin  melts  much  more  easily  than  lead.  A 
proof  for  the  fusibility  is  that  it  melts  even  in  water.  It  is  apparently  very 
sensitive  to  exterior  influences.  It  melts  also  in  the  cold,  when  there  is  frost 
because,  it  is  said,  the  warmth  which  is  in  the  tin  is  imprisoned  in  the  interior 
and  compressed  owing  to  its  weakness." 

You  see,  gentlemen,  there  is  nothing  new  under  the  sun  ! 
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Having  brielly  reviewed  our  researches  on  tin,  I  will  now  turn  to 

Explosive  Aiiiiuwiiw 

Your  countryman,  George  Gore,  observed  in  the  year  1855  a  peculiar 
phenomenon  which  has  been  the  starting-point  of  ray  investigation. 

When  a  concentrated  solution  of  antimony  trichloride  in  hydrochloric  acid 
is  submitted  to  electrolysis,  a  substance  of  metallic  lustre  is  deposited, 
according  to  Gore,  and  this  substance  explodes  with  some  violence  when 
merely  touched  with  a  glass  rod,  while  whitish  vapours  are  liberated.  The 
substance  was  called  explosive  antimony  ;  but  neither  Gore,  nor  the  other 
scientists  who  experimented  with  it,  succeeded  in  giving  a  satisfactory 
explanation  of  the  phenomena.  I  gained  at  once  the  impression  that  allotropy 
was  concerned,  and  I  resumed  the  experiments,  in  which,  I  may  rnention, 
Faraday  had  interested  himself,  for  this  reason.  The  electrolyser  which  I 
used  for  the  decomposition  of  tiie  acid  solution  of  tlie  antimony  salt  stands 
on  the  table  (Fig.  16).     I  should  add  that  the  tribrolnide  and  the  tri-iodide 


Fig.  16. 


may  be  used  as  well  as  the  trichloride,  each  dissolved  in  the  corresponding 
acid,  whilst  the  electrolysis  of  the  trifluoride  does  not  yield  any  explosive  anti- 
mony. The  beaker  contains,  e.g.,  a  solution  of  15  per  cent,  (by  weight)  of 
SbCla  in  HCl.  A  rod  of  antimony  A,  surrounded  by  a  perforated  glass  tube, 
is.  suspended  from  the  stand  S  and  dips  into  the  solution  as  anode.  The 
negative  pole  is  a  platinum  wire  P,  also  suspended  from  the  stand.  The 
current  is  supplied  by  a  few  storage  cells.  During  the  electrolysis  the  liquid 
is  kept  well  agitated  by  means  of  a  Witt  stirrer,  which  is  rotated  by  an  electric 
motor.  Antimony  is  deposited  on  the  wire  P  so  as  to  form  a  rod.  After  the 
electrolysis  this  rod  is  carefully  rinsed  with  hydrochloric  acid,  water,  alcohol, 
and  ether  ;  it  is  then  suitable  for  experimenting.  Specimens  of  such  rods  are 
illustrated  in  Fig.  17.  , 

We  will  tirstexemplify  the  tVpical  phenomena  by  a  few  demonstrations. 
I  touch  this  rod,  which  weighs  about  10  grammes,  with  a  glass  rod.  You  see 
there  is  an  explosion,  and  white  vapours  are  generated.  I  now  wish  to 
demonstrate  that  this  process  liberates  an  enormous  amount  of  heat.  For 
this  purpose  I  coated,  before  my  departure  for  London,  the  bulb  of  a  mercury 
thermometer  with  about  20  grammc^of  explosive  antimony,  and  wrapped  the 
whole  well  with  cotton  wool.     The  deposition  is  effected  in  the  following 
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way.  The  bulb  is  fust  silvered  by  being  dipped  into  a  silver-batli  ;  the  silvi.  r 
coating  formed  is  galvanicallv  coated  with  copper.  The  thermometer  is  then 
lowered  into  the  bath  B  (Fig.  16),  and  explosive  antimony  is  deposited  upon 
it  ;  the  bulb  and  tube  are  afterwards  wrapped  with  cotton  wool.  I  now  start 
the  explosion  by  scratching  the  deposit  with  a  small  knife.  The  thermometer, 
you  notice,  rises  from  17'  to  310^  C. 

The  following  experiment  is  also  very  pretty.  A  few  cm. 3  of  ether  are 
poured  into  a  test  tube  with  thick  glass  walls,  and  a  rod  of  explosive  antimonv 
is  put  in  the  tube,  which  is  then  closed  with  a  rubber  stopper.  On  shaking 
the  test  tube,  the  stopper  is  ejected,  and  a  loud  report  is  heard ;  the  heat 
liberated  has  made  the  ether  boil,  and  the  vapour  pressure  has  driven  the 
stopper  out.  The  little  piece  of  apparatus  might  be  styled  an  "  allotropy 
pistol." 

To  describe  our  researches  in  detail  would  require  many  hours.  I  will 
confine  myself   to   indicating   the    way   in    which    we  solved    the  problem. 

There  is,  in  the  first  instance,  the  question  :  Is  the  liberation  of  the  white 
vapours  or  mist  a  primary  or  a  secondary  phenomenon  ?  We  ascertained  that 
the  white  mist  is  nothing  but  antimony  trichloride  (or  the  respective  bromide 
or  iodide).     It  resulted  further  that  during  the  electrolysis  a  certain  portion 
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of  the  electrolyte  enters  into  a  solid  solution  w'xih  the  deposited  metal.  When 
the  explosive  antimony  is  cooled  down  to  —  8o°C.,  it  may  be  ground  to  a  very 
fine  powder  in  the  mortar,  without  exploding.  When  this  powder  is  throwii 
mto  a  liquid  which  readily  dissolves  the  trichloride  (we  use  a  mixture  of  pure 
alcohol  and  ether  for  this  purpose),  not  a  trace  of  the  antimony  salt  will 
finally  be  found  in  the  solvent.  But  when  the  metallic  powder  is  afterwards 
heated  in  the  small  apparatus,  illustrated  in  Fig.  18,  the  antimony  trichloride 
oozes  out  and  is  condensed  on  the  cold  parts  of  tiie  glass  where  it  is  in  con- 
tact with  the  lead  coil  through  which  cold  water  is  flowing. 

It  would  therefore  appear  that  the  white  mist  is  formed  in  the  following 
manner  :  When  the  explosive  antimony  is  scratched,  an  allotropic  change  o7 
an  a-antmiony  into  another, /3  modification  of  the  metal  takes  place.  The 
heat  liberation  which  accompanies  this  change  vaporises  the  SbClj,  which 
was  m  solid  solution,  and  the  vapour  pressure  gives  rise  to  the  appearance  of 
an  explosion. 

That  this  view  represents  the  actual  facts  has  indeed  been  established. 
I  will  not  tire  you  with  an  account  of  the  varied  experiments.  I  will  only 
explain  to  you,  how  we  succeeded  in  demonstrating  that  the  so-called 
^-antimony  is  identical  with  the  ordinary  antimony,  and  in  determining  the 
heat  balance  of  the  transformation  of  a-antimony  into  /^-antimony.  I  would 
point  out  in  passing  that  the  amount   of  antimony  trichloride  which  enters 
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into  the  solid  solution  is,  among  other  things,  a  function  of  SbClj-percentage 
of  the  electrol3'te.  Curves  will  exemplify  this  (F'ig.  19),  in  which  the  abscissae 
indicate  the  percentage  of  SbCl3  in  the  electrolyte,  and  the  ordinates  the 
per  cent,  by  weight  of  SbCIj  which  passes  into  the  solid  solution.  As  to 
details,  I  would  refer  to  the  Zcilsclirlfl  fitr  Pliysikalisclie  Clicinie, 

As  regards  the  calorimctric  determinations,  I  would  say  :  When  a  rod  of 
explosive  antimonj'  is  placed  under  ether  and  scratched,  the  «-antimony  is 
transformed  into  the  /3-antimony,  as  special  experiments  have  established,  but 
tlie  antimony  salt  is  not  expelled  ;  it  remains  in  the  solid  solution.  Imagine 
now  such  a  rod  of  the  antimony,  which  has  "  exploded  "  in  the  way  described, 
and  which  contains  SbBrj  in  solid  solution  ;  bring  it  in  contact  with  bromine 
(which,  to  lessen  the  force  of  the  reaction,  is  dissolved  in  carbon  disulphide)  ; 
we  shall  obtain  a  solution  of  SbBr,  in  bromine-carbon  disulphide.  The  heat 
liberated  will  have  two  components  :  (i)  the  heat  of  the  reaction  \V,  between 
the  /3-antimony  and  the  bromine  present ;  (2)  the  heat  of  dissolving  the 
formed  SbBr,  in  the  bromine-carbon  disulphide  which  had  already  dissolved 
the  SbBrj  contained  in  solid  solution  in  the  exploded  antimony.  Now  bring 
the  same  quantity  of  ordinary  antimony  (i.e.,  as  much  antimony  as  was 
present  in  the  exploded  antimony  of  the  first  experiment)  in  contact  with  the 
same  bromine-carbon  disulphide  solution,  in  which  as  much  SbBr3  had  pre- 
viously been  dissolved,  as  mentioned  under  (2).  If  then  the  heat  liberated  in 
this  latter  case  W3  be  found  equal  to  Wj  +  W,,  it  would  result  that  /3-antimony 
must  be  identical  with  ordinary  antimony. 

For  these  experiments   we  made  use  of  the  reaction  chamber,   a  glass 

apparatus,  illustrated  in  Fig.  20.     The  solid  substance  is  placed  in  the  tube 

at  the  right  {A) ;   the  mixture  of  bromine  and  carbon  disulphide  (with  the 

eventual  addition  of  SbBr3)  is  placed  in  that  at  the  left  (B)  ;  A  is  evacuated, 

after  closing  the  tap.     The  springs  keep  the  lids  in  their  places.     The  whole 

apparatus  is  immersed   in  a   calorimeter  which  is  provided  with  a  stirrer 

(Fig.  21).   After  determining  the  temperature,  the  tap  is  opened  ;  the  bromine 

mixture  passes  over  into  A,  and  the  reaction  takes  place.     In  this  way  we 

found  that — 

W,  +  W.  =  453-6  J  ,     . 

-      Tjj     5.  giamme-calories 
W3  =  4540p 

per  gramme  of  antimony. 

The  almost  perfect  agreement  between  the  two  figures  allows  us  to  draw 
the  conclusion  that  /3-antimony  and  ordinary  antimony  are  identical. 

The  heat  of  explosion  of  the  explosive  antimony,  i.e.,  the  heat  balance  of 
the  transformation  of  i  gramme  of  a-antimony  into  ordinary  /3-antimony,  can 
be  determined  by  various  methods.  I  will  only  describe  one  of  them,  the 
direct  method.  A  rod  of  explosive  antimony  is  placed  at  the  bottom  of 
a  calorimeter,  and  the  explosion  is  started  by  scratching  the  metal.  The 
rise  of  the  thermometer  permits  of  calculating  the  calorimctric  effect  in  the 
usual  wa)'. 

Proceeding  on  these  lines  we  found  that  the  heat  of  explosion  of  one 
gramme  of  a-antimony  is  19-6  gramme-calories.  Considering  that  the 
specific  heat  of  antimony  is  approximately  0-05,  the  thermometer  should 
theoretically  rise  by  390°  during  t]ie  explosion.  That  is  a  stupendous  effect 
for  an  allotropic  modification  ;  but  we  have  been  able  to  convince  ourselves 
of  its  reahty. 

The  mystic  veil  which  covered  the  explosive  antimony  since  its  first 
observation  by  Gore  has  thus  been  lifted,  and  we  are  in  a  position  to  review 
the  phenomena  which  accompany  the  transformation.  I  will  not  fail  to  point 
out,  however,  that  the  problem  still  tonfronts  us,  why  the  presence  of  anti- 
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monv  salt  is  necessary  for  the  formation  of  the  nictastablc  a-antimony.  This 
is  a  question  which  our  present  knowledge  does  not  permit  us  to  answer  any 
more  than  the  question  :  Why  is  the  co-operation  of  the  electric  discharge 
necessary  for  the  production  of  the  allotropic  modit'ication  of  oxygen,  ozone  ? 
I  promised  to  be  guided  by  Faraday's  view  as  to  the  length  of  a  discourse, 
and  I  therefore  conclude  my  lecture.  Not,  however,  without  expressing  to 
you  mv  best  thanks  for  honouring  me  by  your  request  to  spend  the  evening 
in  your  midst. 

DISCUSSIOX. 

Professor  J.  A.  Ewing,  on  being  called  on  by  the  Chairman,  expressed 
the  great  pleasure  it  had  given  him  to  listen  to  Professor  Cohen's  lecture, 
which  he  could  have  wished  had  been  much  longer.  What  Professor  Cohen 
said  about  allotropy  had  special  interest  for  those  who  were  concerned  with 
the  study  of  iron.  In  that  metal  the  existence  of  allotropic  forms  was  a 
question  which  at  one  time  had  been  discussed  with  much  acerbity,  but 
recent  researches  by  Dr.  Rosenhain  might  be  said  to  have  settled  it  beyond 
dispute.  The  slow  transformation  described  by  Professor  Cohen  as  taking 
place  in  tin  reminded  him  of  the  slow  process  of  recrystallisation  which  had 
been  observed  by  Dr.  Rosenhain  and  liimself  in  lead  and  other  metals  after 
the  crystals  had  been  broken  up  by  severe  straining.  But  that  appeared  to 
be  onlv  a  rearrangement  not  involving  a  transformation  of  state. 

Dr.  W.  Rosenhain  said  that  he  had  listened  to  the  lecture  with  peculiar 
interest  because  he  had  been  following  Professor  Cohen's  work  very  closel)'. 
The  question  of  dynamic  allotropy  interested  him  particularly,  because  in  the 
case  of  iron  it  was  generally  supposed  that  there  were  three  distinct  allotropic 
forms,  known  as  a,  /3,  and  y,  but  if  it  were  found  that  the  a  and  y  forms  were 
mutually  soluble  over  a  certain  limited  range  of  temperature,  that  might 
coincide  with  the  "/3"  range,  and  some  of  the  peculiarities,  particularly  as 
regards  magnetic  behaviour,  might  be  explained. 

The  allotropic  transformation  known  as  "  tin  pest,"  and  especially  its 
infectious  character,  was  very  interesting  and  important.  The  "infectious- 
ness" of  a  stable  form  in  contact  with  a  meta-stable  one  was  found  in 
another  class  of  transformations  which  had  also  been  studied  by  Professor 
Cohen,  and  about  which  he  had  hoped  to  hear  something  that  evening — the 
recrystallisation  of  severely  strained  metal.  M.  Charpy  had  extended  this 
work  to  the  behaviour  of  steel  at  high  temperatures,  and  it  promised  to  be  of 
great  practical  importance.  Disintegration  as  the  result  of  a  transformation 
which  involved  a  large  change  of  volume  was  not  confined  to  tin,  but  was  a 
characteristic  property  of  a  number  of  alloys  of  aluminium  ;  an  alloy  of  60 
per  cent,  manganese  and  40  per  cent,  aluminium,  for  instance,  could  be  cast 
as  a  solid  ingot,  but  would  fall  to  a  fine  powder  in  a  few  hours.  Alloys  richer 
in  aluminium  never  disintegrated  so  rapidly,  but  even  some  industrial  alloys 
had  been  known  to  undergo  such  disintegration  in  the  course  of  a  year. 

Professor  T.  Turner  said  he  would  like  to  make  one  remark  of  a 
practical  nature,  and  that  was  with  reference  to  the  existence  of  allotropic 
forms  of  lead.  In  Canada,  where  of  course  very  low  temperatures  were 
experienced,  iron  roofing  with  lead  between  the  glass  and  the  iron  was 
largely  in  use.  Architects,  however,  objected  to  the  use  of  lead,  which  they 
affirmed  was  affected  by  the  cold.  Was  this  really  true  ?  Or  was  it  merely 
a  case  of  mistaken  analogy  with  tin  ?  So  far  as  he  knew  there  was  no  evidence 
of  the  effect  of  cold  upon  lead. 

Professor  Turner  further  referred  to  Benedick's  work  on  zinc,  of  wiiich 
there  were  three  allotropic  forms.     This  had  considerable  bearing  on  the 
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practical  working  of  zinc,  as  in  rolling  into  sheets  or  drawing  into  wire.  It 
appeared  that  the  intermediate  or  i3  form  was  ductile  and  malleable,  while  the 
ordinary  variety  of  zinc  which  existed  at  atmospheric  temperatures  was  brittle 
and  crystalline. 

Mr.  J.  W.  Hinchley  asked  whether  any  retarding  agents  were  known 
which  prevented  the  mcta-stable  form  of  tin  changing  to  the  stable  form. 
Professor  Cohen  had  mentioned  that  acids  act  as  accelerators,  and  this  might 
be  a  reasonable  explanation  of  the  rapid  disintegration  of  tin-aluminium  alloys. 
It  was  also  interesting  from  this  point  of  view  that  while  tin  plates  always 
failed  for  the  construction  of  moulds  for  refrigerating  plant,  terne  plates 
(plates  in  which  the  coating  consisted  of  a  tin-lead  alloy)  were  very  success- 
ful. Might  these  facts  be  accounted  for  by  the  change  of  tin  into  its  stable 
form  being  affected  by  the  presence  of  aluminium  or  lead  ? 

Mr.  G.  T.  Holloway  asked  the  lecturer  whether  he  had  experimented 
with  exceptionally  pure  tin  in  order  to  see  whether  such  could  be  "  sickened." 
About  ten  years  ago  he  had  received  from  Nigeria  some  metallic  tin  made  by 
the  natives  from  extremely  pure  alluvial  tin  ore,  and  smelted  by  them  witii 
wood  charcoal  under  conditions  where,  although  smelting  was  extremely 
crude  and  the  losses  were  heavy,  the  introduction  of  impurities  was  practically 
impossible.  The  tin  was  run  by  the  natives  into  straws  or  reeds,  and  the  bars 
which  the  speaker  had  made  from  it  formed  the  purest  tin  which  he  had  ever 
examined.  The  highest-grade  tin  which  he  had  previously  obtained  and  had 
used  as  a  standard  for  analytical  purposes  was  found  on  assay  to  be  about  0*2 
per  cent,  less  pure  than  the  Nigerian  tin  referred  to,  in  which  he  had  been 
unable  to  find  any  impurity  except  a  trace  of  iron.  This  special  Nigerian  tin 
was  now  used  by  a  large  number  of  metallurgists  as  their  standard  of  purity, 
and  it  would  be  interesting  to  see  whether  "sickening"  could  take  place  in 
such  metal.     He  thought  it  very  probable  that  it  would  not. 

Mr.  W.  R.  Bousfield  remarked  that  if  platinum  were  deposited  from 
pure  platinum  chloride  it  came  down  in  a  grey  spongy  form.  If,  however, 
only  ^V  per  cent,  of  lead  acetate  were  in  the  solution  the  platinum  came 
down  not  grey,  but  black  and  velvety.  Was  this  an  allotropic  form  of 
platinum  ? 

The  case  of  tin  was,  no  doubt,  exactly  parallel  to  the  system  ice-water  ; 
the  case  of  antimony,  however,  brought  in  the  question  of  solution,  for  here 
there  was  a  possibility  that  it  was  not  really  a  case  of  an  allotropic  form  but  a 
combination  of  minute  quantities  of  the  chloride  in  solution  with  the  bulk  of 
the  metal.  This  was  supported  by  the  fact  that  Professor  Cohen  was  unable 
to  dissolve  away  any  of  the  chloride  from  the  antimony. 

Dr.  H.  Boms  asked  Professor  Cohen,  whether  he  had  thoroughly  analysed 
the  explosive  antimony  and  found  other  substances  present.  He  was  under 
the  impression  that  foreign  substances  had  been  found  by  other  workers. 

Dr.  E.  Feilmann  remarked  that  the  curious  way  in  which  lead  sheet, 
for  example  in  acid  chambers,  would  sometimes  inexplicably  give  way  was 
probablv  due  to  the  formation  of  an  allotropic  form  of  the  metal,  seeing  that 
analysts  had  not  been  able  to  offer  any  reason  for  this  behaviour. 

Professor  E.  Cohen  :  In  reply  to  my  colleague,  Professor  Kwing,  I 
would  say  that  the  transformation  of  tin,  the  tin  pest,  of  which  I  have  been 
speaking  this  evening,  is  reversike,  and  in  this  respect  totally  different 
from  the  transformation  which,  as  I  found  out  at  later  stages,  occurs  not  only 
in  tin,  but  in  all  metals  which  have  been  mechanically  strained.  This 
sickening  of  metals  is  likewise  infedious,  hut  the  process,  the  recrystallisation, 
is  not  reversible.  I  have  designated  this  sickening,  which  is  not  in  any  u-ay 
connected  with  the  tin  pest,  by  the  rwlfne  Forcicrkrankheit,  disease  of  strain- 
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ing.  maladit:  dc  I'ccrouissaHc.  Hut  I  have  purposely  refrained  from  referring 
to  these  interesting  phenomena,  lest  some  confusion  arise  :  I  should,  more- 
over, have  required  a  whole  evening  for  this  subject. 

This,  I  think,  answers  also  the  remarks  made  by  Dr.  Rosenhain. 

Professor  Turner's  remarks  remind  me  of  some  experiments  with  lead 
which  I  had  occasion  to  undertake.  A  new  lead  sheet  of  some  German 
sulphuric  acid  chambers  had  suddenly  decayed  for  unknown  reasons.  The 
material  was  quite  pure  ;  it  was  not  a  case  of  chemical  corrosion.  The 
investigation  siiowed  that  low  temperature  did  probably  not  have  any  influ- 
ence, and  tlic  phenomenon  seemed  to  be  due  to  the  "  strain-disease."  I  should 
add.  however,  that  the  existence  of  an  allotropic  form  of  lead  at  low  tempera- 
tures is  not  excluded  by  these  experiments.  I  have  not  been  able  to  continue 
this  investigation  of  lead  for  a  sufficient  period  to  express  a  final  opinion,  and 
I  liope  to  resume  the  research. 

My  answer  to  Mr.  Hinchley  would  be  that  the  influence  of  other  metals 
on  the  transformation  of  tin  has  not  yet  been  investigated.  As  far  as  I  can 
see,  the  presence  of  other  metals  should  not  displace  the  temperature  of 
transition  unless  the  metals  form  mixed  crystals  with  tin.  This  is  another 
subject  for  further  inquiry. 

In  reply  to  Mr.  Holloway  I  would  point  out  that  even  chemically  pure  tin 
undergoes  the  transformation.  We  have,  indeed,  to  deal  with  a  property  of 
pure  tin.  I  should,  however,  be  much  interested  in  experimenting  with  the 
tin  he  mentioned,  and  I  should  be  glad  if  he  would  place  some  of  it  at  my 
disposal. 

The  form  of  platinum  to  which  Mr.  Bousfield  referred  has  not  been 
investigated.  I  am  well  acquainted  with  it,  since  its  use  is  important  for 
platinising  the  electrodes  when  determining  the  resistance  of  electrolytes 
after  Kohlrausch.  So  far  as  I  understand  such  finely-divided  metals,  however, 
I  think  I  might  say  that  this  is  not  a  case  of  a  special  allotropic  modification 
of  platinum,  but  merely  one  of  a  very  finely-distributed  material. 

The  explosive  antimony,  I  have  to  reply  to  Dr.  Borns,  indeed  contains  all 
the  constituents  of  the  solution  in  which  it  is  formed.  But  they  are  present 
in  very  small  quantities  only,  a  few  tenths  of  a  per  cent.,  mechanically  included. 
For  details  of  the  analysis  I  should  refer  to  my  articles  in  the  Zcilschrifi  fiir 
Physikalische  Cheniie. 

Dr.  Feilmann's  remark  has  already  been  answered  by  my  reply  to 
Professor  Turner, 

The  Chairman  in  proposing  a  very  hearty  vote  of  thanks  to  Professor 
Cohen  said  that  the  author  had  added  not  a  little  to  the  value  of  his  lecture 
by  his  complete  and  full  replies  to  the  questions  which  had  been  raised. 
Those  present  had  had  a  most  delightful  experience  that  evening  in  seeing 
Professor  Cohen's  successful  and  striking  experiments  and  the  beautiful 
photographs  which  had  been  shown  on  the  screen. 


HIGH   TEMPERATURE   WORK. 

At  the  Meeting  of  the  Faraday  Society  held  on  Tuesday, 
May  23,  191 1,  a  General  Discussion  on  "High  Temperature 
Work  "  took  place.  Dr.  R.  T.  Glazebrook,  C.B.,  F.R.S.,  Vice-President, 
was  in  the  chair. 

The  Chairman,  in  calling  upon  Dr.  Day  to  contribute  his  Paper 
to  the  General  Discussion,  remarked  that  many  years  ago  he  had 
had  the  pleasure  of  seeing  at  the  Reichsanstalt  the  very  interesting 
work  on  high  temperatures  in  which  Dr.  Day,  in  conjunction  with 
Professor  Holborn,  was  then  engaged. 

Dr.  Arthur  L.  Day,  Director  of  the  Geophysical  Laboratory  of 
the  Carnegie  Institution  of  Washington,  then  read  the  following 
Paper  on  "  Recent  Advances  in  High-temperature  Gas  Ther- 
mometry." 

It  is  not  the  purpose  of  the  present  paper  to  discuss  the  general  problem 
of  thermometry,  or  the  particular  advantages  of  one  system  of  thermometric 
measurement  over  another  in  laboratorj-  or  industrial  practice,  but  merely  to 
describe  the  work  which  has  been  done  in  recent  years  to  increase  the  range 
and  accuracy  of  the  temperature  scale  upon  which  the  various  devices  for 
measuring  high  temperatures  depend  for  their  calibration.  Neither  is  it 
necessary  to  include  an)'  discussion  of  the  relative  theoretical  merit  or 
experimental  practicabilitj'  of  the  constant  volume  and  constant  pressure 
methods  of  gas  thermometry.  The  reader  will  find  it  in  Barus's-  review 
of  the  progress  of  pyrometry  for  the  Paris  Congress  in  1900,  or  in  a  more 
recent  paper  by  Buckingham,  of  the  American  Bureau  of  Standards,  as  well  * 
as  in  earlier  discussions  to  which  they  have  referred.  The  choice  of  the 
one  or  the  other  method  is  likely  to  be  governed  by  the  taste  or  predilection 
rather  than  by  the  necessities  of  the  individual  experimenter.  Neither  system 
possesses  decided  advantages  over  the  other.  It  happens  that  most  of  the 
recent  measurements  have  been  made  with  the  constant-volume  system. 

The  theoretical  interest  in  gas  thermometry  centres  about  the  quanti- 
tative relation  existing  between  the  increase  in  the  temperature  of  the  gas 
expanding  under  constant  pressure  or  volume  and  the  quantity  of  heat 
required  to  produce  it.  It  is  a  somewhat  inaccessible  ejuestion  by  reason  of 
the  difticulty  of  approaching  it  experimentally  with  the  required  accuracy. 
Although  the  amount  of  the  expansion  of  gases  is  more  closely  proportional 
to  the  quantity  of  heat  applied  than  that  of  liquids  or  solids,  no  strictly 
"perfect  gas"  in  this  sense  has  been  found.  The  amount  of  the  divergence 
between  the  expansion  and  the  quantity  of  heat  which  produces  it  is  slightly 
different  with  different  gases,  and  also  slightly  different  for  the  same  gas  at 
different  temperatures.  In  the  caee  of  nitrogen,  which  has  a  greater  range 
of  practical  utility  than  other  gases  thus  far  studied,  the  expansion  curve 
diverges  slowly  from  the  regular  curve  of  a  perfect  gas  as  the  temperature 
increases,  but  the  amount  of  its  departure  does  not  attain  the  magnitude  of 

*  Carl  Barus,  "  Les  progres  de  la  Pyrometrie,"  Rapports  prcsciitcs  an  Congns 
Intcniaiioual  dc  Physique,  vol.  i  p.  148,  J900. 
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one  degree  Centigrade  until  the  temperature  reaches  1,100°  or  more,  and  the 
uncertainty  in  this  correction  factor,  if  it  is  to  be  regarded  as  a  correction 
factor,  is  probably  smaller  than  the  observation  errors  of  an  actual  gas 
thermometer  in  the  present  stage  of  its  development.  P'or  this  reason,  these 
theoretical  considerations  (which  have  been  admirably  treated  by  Bucking- 
ham in  a  paper  "  On  the  Establishment  of  the  Thermodynamic  Scale  oT 
Temperature  by  Means  of  the  Constant  Pressure  Tliermometer  ""'=)  do  not 
seriouslv  affect  the  definition  of  an  accurate  and  practicable  high-temperature 
scale  by  means  of  the  gas  laws. 

On  the  other  hand,  there  is  no  denying  the  fact  that  a  great  deal  still 
remains  to  be  done  upon  the  experimental  side  before  the  steadily  advancing 
requirements  of  both  science  and  industry  in  the  matter  of  a  trustworthy 
temperature  scale  of  sufficient  accuracy,  and  even  more  particularly  of 
sufficient  range,  can  be  satisfied.  It  is  no  disparagement  of  the  present 
system  of  temperature  definition  to  sa\'  that  the  gas  thermometer  itself  is 
a  complicated  and  cumbersome  instrument  to  use  in  any  of  the  forms  which 
have  hitherto  been  devised,  and  possesses  limitations  both  of  range  and  of 
accuracy  which  are  difficult  to  overcome. 

One  consequence  of  this,  particularly  in  the  region  of  high-temperature- 
measurements,  is  that  temperatures  easily  come  to  be  regarded  with  un- 
warranted confidence  in  the  hands  of  those  who  have  never  acquired  a 
first-hand  knowledge  of  these  limiting  conditions.  This  has  been  sharply 
emphasised  by  the  comparative  ease  with  which  relative  measurements  of 
temperature  can  be  made,  even  in  the  more  inaccessible  parts  of  the  scale, 
with  the  thermoelement  and  the  resistance  thermometer.  These  devices  are 
sensitive  to  temperature  differences  of  the  order  of  magnitude  of  o'oi° 
throughout  their  entire  range,  but  they  are  dependent  absolutely  upon 
fundamental  measurements  with  the  gas  thermometer  for  their  evaluation 
in  terms  of  the  generally  accepted  degree  Centigrade.  It  is  sufficiently 
obvious,  though  often  carelessly  overlooked,  tliat  no  method  of  temperature- 
measurement,  however  sensitive  or  adaptable  it  may  be,  can  yield  tempera- 
tures of  greater  absolute  accuracy  than  the  system  in  terms  of  which  those 
temperatures  are  defined. 

Another  serious  consequence  results  from  the  limitations  of  range  of  thc 
gas  thermometer  in  the  region  of  high  temperatures  and  the  consequent 
temptation  to  e.vtrapolation  of  a  somewhat  irresponsible  kind.  The  highest 
temperatures  (above  1,600'^)  are  conveniently  accessible  only  f  o  those  methods 
of  pyrometry  which  are  derived  from  the  Stefan  and  Wien- Planck  relations, 
grouped  together- for  convenience  under  the  name  "radiation  pyrometers." 
These  methods  differ  among  themselves  somewhat,  both  in  principle  and  in 
application,  but  in  general  they  are  all  characterised  by  common  qualities. 
They  do  not  require  that  the  measuring  instrument  be  in  contact  with  the 
hot  body,  they  are  all  comparatively  convenient  to  use,  and  they  may  be  said 
to  have  no  upper  temperature  limit.  These  practical  qualities  are  obviously 
of  inestimable  importance  to  all  future  pyrometric  measurement,  whether  in 
laboratory  or  industrial  work.  Like  all  other  pyrometers,  however,  they 
depend  for  their  calibration  upon  the  gas  scale,  and  require  to  have  their 
readings  evaluated  in  terms  of  it. 

Now  it  happens  that  these  radiation  pyrometers  do  not  become  effective 
as  temperature-measuring  instruments  below  a  bright  red  heat  corresponding 
to  a  temperature  of  perhaps  900°,  and  consequently  they  overlap  the  generally 
accepted  Reichsanstalt  gas  scale  for  purposes  of  comparison  and  calibration 

*  Bull.  Bui:  Standards,  3,  237,   1907. 
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only  in  the  short  interval  lying  beyond  (;oo°  and  1,150°,  beyond  which  the 
radiation  scale  both  in  the  laboratory  and  in  the  shop  is  often  extrapolated  to 
3,000°  or  more,  or  about  ten  times  the  interval  of  measured  temperatures. 
This  is  obviously  very  uncertain  procedure,  the  more  so  perhaps  because  the 
radiation  pyrometer  is  at  its  lowest  sensibility  in  this  250°  region  in  which 
the  calibration  requires  to  be  made.  It  would  add  immensely  to  the  stability 
and  trustworthiness  of  the  radiation  methods  if  the  gas  scale  could  be 
extended  but  two  or  three  hundred  degrees  farther  into  the  domain  of  radia- 
tion pyrometry.  To  be  sure,  we  have  the  thermoelement  which  overlaps 
both  regions — the  gas  thermometer  from  very  low  temperatures  to  1,150^ 
and  the  radiation  pyrometers  from  900°  to  the  melting-point  of  platinum 
(^'755°) — but  it  also  depends  directly  upon  the  gas  scale,  and  its  extra- 
polation beyond  1,150°  is  fraught  with  equally  grave  uncertainty. 

To  meet  this  situation  but  four  attempts  have  been  made  to  measure 
temperatures  above  1,000°  C.  with  the  gas  thermometer  since  the  beginning 
of  the  present  century.  These  may  be  taken  up  in  order  of  their  publication 
as  follows  :  (i)  J.  A.  Harker  (1904)  using  a  porcelain  bulb  and  nitrogen  ; 
(2)  Jacquerod  and  Perrot  (1905)  using  a  bulb  of  "  quartz  glass  "  and  various 
gases  ;  (3)  Holborn  and  Valentiner  (1906)  using  one  bulb  of  platinum 
containing  20  per  cent,  of  iridium  and  one  of  pure  iridium,  both  with  nitrogen 
as  the  expanding  gas  ;  and  finally  (4)  Day  and  Clement  (1908)  and  Day 
and  Sosman  (1910)  using  nitrogen  in  bulbs  of  platinum  containing  10  per 
cent,  of  iridium  and  20  per  cent,  of  rhodium  respectively. 

Marker,  1904. — The  work  of  J.  A.  Harker  at  the  National  Physical  Labora- 
tory does  not  differ  in  any  important  particular  from  the  work  of  Holborn 
and  Day  which  immediately  preceded  it  at  the  Reichsanstalt.  His  instrument 
was  an  exact  duplicate  of  the  Reichsanstalt  instrument  by  the  same  maker 
(except  that  the  bulb  was  of  porcelain  instead  of  platin-iridium)  and  has  since 
been  altered  only  in  certain  minor  particulars  which  need  not  be  recounted 
here.  His  experimental  operations  were  painstakingly  performed,  and  the 
substantial  agreement  of  his  results  with  those  of  Holborn  and  Day  affords 
valuable  confirmation  of  the  present  Reichsanstalt  scale,  but  no  attempt  was 
made  to  extend  its  upper  limit  (1,150°). 

Jacquerod  and  Perrot,  1905. — Jacquerod  and  Perrot  sought  to  establish 
a  high-temperature  scale  from  which  two  of  the  important  sources  of  un- 
certainty m  previous  work  should  be  eliminated  :  (i)  the  uncertainty  due 
to  differences  in  the  expansion  of  the  various  available  gases  ;  (2)  any 
uncertainty  which  might  enter  the  problem  through  the  expansion  of  the 
containing  vessel  (bulb).  To  accomplish  the  first  object  they  prepared 
with  the  greatest  care  quantities  of  pure  nitrogen,  oxygen,  air,  carbon  mon- 
oxide and  carbon  dioxide,  and  used  these  successively  for  determinations 
of  the  melting-point  of  pure  gold.  To  accomplish  the  second  they  selected 
for  the  material  of  their  bulb  a  substance  whose  expansion  coefficient 
was  less  than  one-tenth  as  great  as  any  which  had  been  employed  lor 
the  purpose  up  to  that  time.  Both  improvements  afforded  most  valuable 
information.  The  five  gases  with  appropriate  corrections  for  their  indivi- 
dual pressure  coefficients  gave  the  same  temperature  for  gold  within  very 
narrow  limits  of  experimental  error  and  the  bulb  proved  impermeable  to 
all  the  gases  and  of  very  low  'and  regular  expansion  for  the  temperature 
range'  emplo3'ed. 

The  relative  accuracy  of  the  individual  measurements  with  this  system 
(+o'2°)  was  perhaps  higher  than  has  ever  been  attained  with  the  gas  thermo- 
meter at  high  temperatures,  but  the  absolute  temperature  of  the  gold  melting- 
point  which  they  obtained  (1,067°)  i*  considerably  higher  than  any  of  the 
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other  recent  measurements.  Whether  this  is  due  to  some  inaccuracy  in 
determining  the  constants  of  the  (relatively  large)  unhealed  connecting  space 
leading  to  the  manometer  or  to  lack  ot  uniformity  in  the  temperature 
distribution  about  the  bulb  or  to  insufhcient  data  about  the  actual  expansion 
coefficient  of  the  quartz-glass  bulb,  or  perhaps  to  an  unfortunate  combination 
of  all  of  these  sources  of  error,  it  is  impossible  for  anyone  except  the  experi- 
menters themselves  to  determine.  Certain  it  is  that  their  work  has  con- 
tributed in  these  two  important  particulars  to  relieve  the  technique  of 
gas-thermometry  from  the  uncertainty  which  has  hitherto  surrounded  it 
and  has  thus  been  of  the  greatest  value  to  all  who  have  followed  or  may 
follow  Jacquerod  and  Perrot.  Here  again  no  effort  was  made  to  extend 
the  fundamental  measurements  above  1,150°,  and  the  use  of  the  silica  bulb 
10  which  their  success  was  mainly  due,  definitely  precluded  such  measure- 
ments with  their  system. 

Holbont  and  Valcntincr,  1906. — The  experiments  of  Holborn  and  Valentiner 
contemplated  a  definite  advance  in  this  direction.  Theirs  was  the  first 
serious  effort  to  extend  the  gas  scale  itself  from  1,150°,  where  all  previous 
investigations  had  been  halted,  to  1,600°  C.  The  difficulties  confronting 
such  an  undertaking  are  not  only  well  known  from  earlier  experience, 
but  are  of  an  insistent  kind.  Of  the  limited  number  of  substances  available 
for  use  as  bulbs,  none  is  without  serious  limitations  at  these  extremely 
high  temperatures  ;  porcelain  becomes  soft  and  its  walls  both  absorb  and 
generate  gas  in  prohibitive  quantities  ;  quartz  glass  devitrifies  ;  pure  platinum 
is  very  soft  and  is  permeable  to  some  gases ;  when  stiffened  with  iridium 
or  rhodium  it  is  the  best  material  available,  but  the  iridium  is  destructive 
to  the  thermoelements,  the  bulb  is  likely  to  develop  leaks  and  is  permeable 
always  to  hydrogen  if  but  a  trace  of  the  gas  or  of  water  vapour  is  about. 
Furthermore,  the  difficulty  of  maintaining  a  constant  temperature  about 
a  bulb  of  200  c.c.  capacity  increases  enormously  at  these  temperatures,  and 
the  difficulty  of  measuring  with  thermoelements  within  the  furnace  is  greatly 
increased  by  the  conductivity  of  all  insulating  materials.  It  is  also  a 
matter  of  no  inconsiderable  difliculty  to  generate  and  regulate  accurately 
the  quantity  of  heat  required  for  a  bulb  of  this  size  under  conditions 
where  all  electrical  insulation  begins  to  break  down,  and  to  protect  the 
mercury  manometer  from  so  hot  a  furnace  without  removing  it  to  an 
impracticable  distance. 

All  these  reasons,  and  others  of  inferior  magnitude  but  often  of  exas- 
perating pertinacity,  contribute  to  the  glory  of  Professor  Holborn's  splendid 
attempt  to  extend  gas  thermometry  far  out  into  this  region,  which  had 
hitherto  remained  inaccessible  to  all  the  resources  of  the  laboratory  except 
the  somewhat  uncertain  extrapolation  methods.  The  bulb  with  which  the 
nighest  temperature  (1,680°)  was  obtained  was  of  pure  iridium.  It  was 
small,  only  about  50  c.c.  in  capacity,  but  held  tight  through  several 
determinations  of  temperature  reaching  nearly  to  1,700°.  The  tempera- 
tures along  the  bulb  were  much  less  constant  than  for  lower  tem- 
peratures (differences  of  60°  on  a  bulb  less  than  10  cm.  long),  and  many 
of  the  other  difficulties  noted  above  no  doubt  contributed  something  to 
influence  the  result,  but  the  effort  demonstrated  beyond  peradventure  that 
the  extension  of  the  gas  scale  to  1,600°  is  practicable. 

Before  turning  to  the  present  status  of  the  experimental  problem,  which 
will  carry  us  somewhat  further  into  the  consideration  of  details,  permit  me 
to  say  that  I  have  omitted  any  mention  of  the  beautiful  work  of  Marker  and 
Chappuis,  or  of  Mr.  Callendar  and  his  associates,  because  it  lies  somewhat 
outside  the  scope  of  this  inquiry.     This  work,  most  unfortunately,  as  it  has 


I40  HIGH-TEMPERATURE   WORK 

always  seemed  to  me,  was  confined  to  the  temperature  region  below  500°. 
and  so  does  not  help  us  in  the  present  situation. 

By  international  agreement  and  nearly  universal  practice  two  fixed  tem- 
peratures are  accepted  as  the  basis  of  the  modern  temperature  scale,  the 
melting-point  of  pure  ice  and  the  boiling-point  of  pure  water,  both  at  normal 
atmospheric  pressure  (760  mm.  of  mercury).  The  interval  included  between 
these  two  temperatures  is  subdivided  into  100  parts  by  measuring  the  constant 
volume  expansion  of  hydrogen  from  an  initial  pressure  of  i  m.  of  mcrcurv 
throughout  this  interval. 

To  extend  the  scale  beyond  these  limits  in  either  direction  it  is  (theo- 
retically) only  necessary  to  continue  the  measurement  of  the  expansion  of 
hydrogen,  under  the  same  conditions,  down  to  or  up  to  any  desired  tempera- 
ture. In  practice  this  procedure  encounters  various  experimental  difficulties 
which  increase  rather  rapidly  as  we  get  further  away  from  the  temperatures 
of  everyday  life. 

These  experimental  difficulties  serve  to  place  definite  limits  upon  the 
accuracy  of  temperature  measurements  at  prcsenj;  attainable  in  different 
parts  of  the  field  of  high  temperatures,  of  which  it  is  important  to  obtain 
a  clear  idea  in  order  to  be  able  to  form  a  sound  judgment  of  the  probable 
significance  of  measurements  at  widely  different  temperatures.  If  we  are 
told,  for  example,  that  a  solution  boils  at  go'aj^,  we  recognise  that  this 
accuracy  is  entirel}^  practicable.  If,  on  the  other  hand,  platinum  is  said  to 
melt  at  i,755"46°,  it  is  of  advantage  to  know  that  the  last  two  figures  are  wholly 
without  significance  and  the  fourth  is  uncertain. 

There  is  another  reason  for  being  especially  explicit  upon  this  point,  for 
very  few  investigators  have  ever  made  the  laboratory  acquaintance  of  the  gas 
thermometer. 

In  its  modern  form  the  constant-volume  instrument  includes  five  principal 
features,  which  will  be  considered  with  particular  reference  to  the  limitations 
which  they  severally  impose  upon  the  accuracy  of  high-temperature  measure- 
ments. The  gas  (i)  is  contained  in  an  impervious  vessel  or  bulb  (2),  w-hich 
is  heated  in  an  electric  furnace  (3),  arranged  to  provide  the  utmost  attainable 
uniformity  of  temperature  about  the  bulb  at  all  temperatures.  A  mercury 
manometer  (4)  measures  the  gas  pressure  within  the  bulb,  and  thermo- 
elements (5)  are  used  to  transfer  the  gas-thermometer  temperature  to 
standard  melting-points  for  general  application.  These  will  be  briefly 
treated  in  order. 

(i)  The  Gas. — The  first  limitation  to  the  upward  extension  of  the  gas  scale 
is  a  direct  result  of  the  choice  of  a  gas.  Hydrogen  was  first  chosen  because 
it  appro.ximated  more  closely  to  a  perfect  gas  in  its  behaviour  than  any  other, 
but  the  experimental  development  of  the  subject  has  since  demonstrated  that 
no  vessel  can  be  depended  upoii  to  hold  it  without  loss  above  300°,  so  that 
nitrogen  has  come  to  be  very  generally  substituted  for  hydrogen  at  the 
higher  temperatures. 

With  reference  to  the  situation  created  by  this  substitution,  tlie  long  series 
of  comparative  measurements  bv  Jacquerod  and  Perrot,'''  using  air,  nitrogen, 
oxygen,  carbon  monoxide,  and  carbon  dioxide,  shows  no  measurable  dif- 
ferences in  the  behaviour  of  these  gases  for  thermometric  purposes  up  to 
the  melting  temperature  of  pule  gold  (1,062°),  but  some  of  these  certainly 
could  not  be  carried  far  beyond  this  temperature  without  danger  of  serious 
error,  through  dissociation. 

*  Jacquerod  and  Perrot,  Aidi.  li.  sci.  pliys-  cl  tiat.  Geneve  (4),  20,  pp.  28,  128,  454, 
506,  1905. 
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Nitrogen  has  been  used,  both  in  the  Reichsanstalt  and  in  the  Geophysical 
Laboratory,  as  high  as  i ,600^  without  any  appearance  of  irregiihirity  in  its 
expansion  or  evidence  of  dissociation.  The  extension  of  the  Iiydrogen  scale 
bv  the  use  of  nitrogen  above  300*^  therefore  encounters  no  serious  difficulty 
up  to  the  present  limit  of  measurement  (1,600°),  except  in  so  far  as  it  may 
prove  necessarv  to  make  a  small  correction  (of  the  order  of  magnitude  of  1° 
at  i.ioo"")  for  reference  to  the  true  thermodynamic  scale  if  it  is  desirable  to 
express  the  results  of  measurement  in  terms  of  it. 

(2)  The  Bulb. — The  bulb  is  perhaps  the  most  important  single  clement 
in  a  constant-volume  gas  thermometer.  The  progress  of  gas  thermometry 
during  nearly  a  hundred  years  has  been  closely  associated  with  and  dependent 
upon  improvements  in  the  bulb.  The  first  bulbs  were  made  of  metal  (Prinsep 
used  a  gold  bulb  in  1827),  and  there  is  little  question  to-day  but  that  their 
abandonment  for  porcelain  in  1857  (Deville  and  Troost)  constituted  a  step 
backward  which  was  not  retrieved  for  forty  years.  The  bulbs  in  use  at  the 
Reichsanstalt  up  to  1897  were  still  of  porcelain,  as  were  those  used  by  Barus 
throughout  his  epoch-making  work.- 

Porcelain,  glazed  or  unglazed,  violates  both  essential  conditions  for  a 
good  gas-thermometer  bulb  at  high  temperatures,  (i)  It  cannot  hold  the 
expanding  gas  without  absorbing  or  losing  any  of  it  ;  and  (2)  it  is  not  abso- 
lutely uniform  in  its  own  expansion  and  contraction.  Bulbs  of  platinum 
containing  10  to  20  per  cent,  of  iridium  for  additional  stiffness  were  used  at 
the  Reichsanstalt  in  1900  for  temperatures  as  high  as  1,200°,  and  one  of  pure 
iridium  was  successfully  carried  to  1,600°  in  1907.  These  bulbs  are  still 
in  use. 

The  Geophysical  Laboratory  began  its  work  with  a  10  per  cent,  platin- 
iridium  allov,  but  abandoned  it  for  platinum  containing  20  per  cent,  of 
rhodium,  for  reasons  which  will  appear  below  in  connection  with  the  use  of 
thermoelements.  All  these  metal  bulbs  can  be  used  with  nitrogen  up  to 
1,600°  without  appreciable  error  in  the  return  to  0°  after  heating,  provided 
only  that  proper  precautions  are  taken  against  mechanical  strain  and 
consequent  volume  change  at  the  higher  temperatures  where  the  metal 
is  soft. 

Porcelain  bulbs  when  unglazed  are  not  gas-tight ;  glazed  within,  they  can 
be  used  up  to  1,100"  without  serious  error,  but  the  glaze  becomes  soft  above 
this  temperature  and  reacts  to  some  extent  with  the  gas  in  the  bulb,  which 
then  never  returns  to  its  initial  pressure  at  o^  Porcelain  bulbs  with  outside 
glaze  only  were  employed  by  Barus  up  to  1,400^  with  fair  success,  but  it 
proved  impossible-  permanently  to  saturate  the  bulb  wall  with  the  gas, 
so  that  it  would  return  to  the  ^ame  zero  after  heating.  It  is  probable, 
therefore,  that  the  porcelain  bulb  has  permanently  disappeared  from  gas 
thermometry. 

Pure  silica  bulbs,  which  have  recently  been  introduced  by  Jacquerod  and 
Perrot  Hoc.  cit.,  1905).  have  an  advantage  over  the  metals  through  their  low 
expansion  coefficient,  but  cannot  be  used  above  1,100^  without  permanent 
volume  changes. 

3.  The  Furnace. — Improvements  in  the  furnace  have  twice  contributed 
materially  to  the  advancement  of  gas  thermometry,  (i)  Through  the 
>ubstitution  of  electricity  for  gas  as  a  source  of  heat  (Reichsanstalt,  1899), 
which  greatly  reduced  the  uncertainly  in  temperature  distribution  over  the 
bulb  surface  and  eliminated  the  possibility  of  furnace  gases  passing  into  the 

*  Carl  Barus,  On  the  Thcrwoclcc'.ric  Measurement  of  High  Ttniperalurcs,  Bull. 
54  (ixaii),  U.S.  Geol.  Survey. 
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thermometer  itself  through  the  bulb  wall ;  and  (2)  when  the  bulb  and  heating 
coils  were  enclosed  in  an  air-tight  bomb  (Geophysical  Laboratory,  1908) 
under  conditions  such  that  the  gas  pressure  outside  of  the  bulb  could  be  kept 
under  control  and  always  maintained  equal  to  the  pressure  of  the  expanding 
gas  within. 

This  second  improvement  made  it  possible  (i)  to  maintain  a  nitrogen 
atmosphere  with  equal  pressure  both  inside  and  outside  of  the  bulb  and  thus 
to  obviate  an}'  tendency  of  the  gas  to  diffuse  through  the  wall ;  (2)  to  relieve 
the  bulb  from  mechanical  strain  at  high  temperatures  where  the  metal  is  soft 
and  susceptible  to  volume  changes,  which  considerably  increases  the 
effective  range  of  the  instrument  in  the  high-temperature  region,  and  (3),  to 
increase  the  sensitiveness  of  the  instrument  more  than  threefold.  It  also 
became  possible  to  use  different  initial  pressures  within  the  thermometer  bulb 
in  order  to  evaluate  the  pressure  cocfiicient  of  the  expanding  ga:^  and  to  vary 
the  sensitiveness  of  the  instrument. 

Before  this  improvement  was  made  it  was  necessary  to  select  an  initial 
gas  pressure  such  that  the  final  pressure  at  the  highest  temperature  to  which 
it  was  expected  to  attain  would  be  approximately  equal  to  the  atmospheric 
pressure  without,  in  order  that  the  difference  in  pressure  within  and  without 
the  bulb  should  be  a  minimum  when  its  power  to  withstand  such  a  differ- 
ence was  smallest.  The  practical  effect  of  the  earlier  arrangement  was  to 
crowd  the  entire  range  of  the  instrument  into  500  mm.  of  the  manometer 
scale,  giving  about  5  mm.  per  degree.  With  the  air-tight  furnace  bomb 
we  were  able  to  increase  this  sensitiveness  to  a  full  millimetre  for  each 
degree. 

To  the  introduction  of  electric  heating  we  owe  tlie  extension  of  the  range 
of  the  gas  thermometer  from  1,150°  to  1,500°;  to  the  control  of  the  gas 
pressure  about  the  bulb,  a  considerable  (perhaps  five-fold)  increase  in  its 
accuracy  in  this  region. 

With  electric  heating  the  furnace  temperature  is  always  under  control  and 
readily  measurable,  but  in  pursuing  high  standards  of  accuracy  we  must 
distinguish  between  a  constant  furnace  temperature  of  irregular  distributiofi 
and  a  variable  temperature.  The  substitution  of  electricity  for  gas  has  given 
us  a  constant  temperature,  but  it  is  not  always  easy  to  provide  that  it  shall 
also  be  perfectly  uniform  everywhere  about  the  bulb. 

Various  baths  are  available  up  to  perhaps  700°  for  the  purpose  of  equalis- 
ing the  temperature  about  the  bulb  by  interposing  between  it  and  the  heating 
coil  a  liquid  layer  which  can  be  stirred,  but  higher  temperatures  have  had 
to  depend  upon  direct  exposure  to  the  radiation  from  the  coil.  In  the 
Reichsanstalt  instrument  temperature  differences  of  from  10°  to  60°  were 
observed  between  different  parts  of  the  bulb  in  the  region  1,500°  to  1,600°  ; 
in  that  of  the  Geophysical  Laboratory,  the  maximum  differences  were 
diminished  to  2°  in  the  same  region. 

For  greater  uniformity  than  this  some  form  of  liquid  bath  will  require  to 
be  devised  for  use  at  these  temperatures  also.  Such  a  search  might  prove 
worth  while,  for  this  uncertainty  (in  the  distribution  of  temperature 
about  the  bulb)  appears  to  be  the  largest  uncontrolled  factor  remaining  in 
gas  thermometry  up  to  1,550°.  • 

4.  The  Manometer.— The,  manometer  contains  few  factors  which  affect  the 
ultimate  temperature  readings  materially.  The  arrangement  commonly 
adopted,  both  in  Europe  and  in  the  United  States,  is  the  open  U-tube  type, 
in  which  the  difference  in  the  mercury  level  between  the  two  arms  of  the 
U-tube  represents  the  difference  b^ween  the  gas  pressure  within  the  bulb 
and    the  prevailing  atmospheric  pressure  outside,  the  latter  being  read  on  a 


HIGH-TEMPERATURE    WORK  143 

■separate  barometer.  The  minor  corrections  for  temperature  of  the  mercur\-, 
gravity,  iS:c.,  tlien  require  to  be  applied  as  usual  in  such  cases. 

The  only  realdifliculty  encountered  here  has  been  much  reduced  in  recent 
years  and  is  no  longer  dangerous,  even  at  the  highest  temperatures.  The 
temperature  of  the  capillary  connection  between  the  bulb  and  manometer 
varies  all  the  way  from  the  extreme  temperature  of  the  bulb  to  that  of  the 
room  and  with  it  the  temperature  of  so  much  of  the  gas  as  it  contains.  The 
error  from  this  cause  is  reduced  to  an  insignificant  magnitude  by  making 
this  connecting  volume  so  small  when  compared  with  that  of  the  bulb 
that  its  average  temperature  need  only  be  known  within  about  10  per 
cent. 

Some  laborator}-  experience  is  necessary  to  make  this  reduction  of  volume 
judiciously,  for  the  viscosity  of  gases  increases  rapidly  with  the  temperature, 
so  that  it  is  not  practicable  to  restrict  below  o'8  mm.  the  diameter  of  those 
portions  of  the  capillary  which  are  heated.  A  smaller  diameter  here  would 
have  the  effect  of  producing  a  very  slow  readjustment  of  pressure  in  the 
various  parts  of  the  apparatus  with  every  change  in  the  temperature,  and 
the  observer  would  be  without  adequate  assurance  that  equilibrium  had  been 
reached  at  the  time  when  his  reading  was  made. 

The  uncertainty  which  attaches  to  this  connecting  volume,  together  witii 
the  changes  in  the  zero-point  due  to  the  irregular  behaviour  of  porcelain 
bulbs,  were  among  the  most  formidable  of  the  classic  errors  of  gas  thermo- 
metry.    Both  are  now  practically  eliminated. 

5.  The  Auxiliary  Thermoelement. — The  fact  that  the  gas-thermometer  bulb 
cannot  be  safely  immersed  in  different  substances  for  the  determination  of 
their  thermal  constants  carries  with  it  a  considerable  amount  of  incidental 
but  practically  unavoidable  inconvenience.  The  usual  plan  has  been  (and 
still  is)  to  place  thermoelements  in  the  furnace  with  the  bulb  and  to  deter- 
mine their  electromotive  force  for  a  measured  temperature.  A  few  observa- 
tions of  this  kind  suffice  to  establish  an  empirical  curve  for  the  electromotive 
force  of  the  thermoelement  in  terms  of  the  gas  thermometer  temperatures, 
after  which  the  thermoelement  is  available  for  determinations  of  temperature 
under  a  great  variety  of  conditions. 

This  procedure  is  considerably  facilitated  by  the  fact  that  the  empirical 
curve  corresponds  closely  to  a  simple  parabola,  and  three  or  four  compari- 
sons with  the  gas  thermometer  usually  suffice  to  establish  a  parabolic  curve 
which  may  be  interpolated  with  little  danger  of  an  error  gi eater  than  the 
errors  of  the  gas  s^cale  itself  over  long  ranges  of  temperature.  Its  extrapola- 
tion has  not  turned  out  so  fortunately. 

Before  the  publication  of  the  recent  measurements  made  in  the  Geophysical 
Laboratory,  the  region  of  accurate  gas  thermometry  ended  with  the  tempera- 
ture 1,150".  The  common  practice  for  some  years  has  therefore  been  to 
measure  temperatures  beyond  that  point  by  extrapolating  this  parabolic 
curve  of  electromotive  forces  out  to  the  desired  temperature— often  as  high 
as  the  melting-point  of  platinum  (1,755^).  Extended  extrapolation  is  always 
a  matter  of  grave  uncertainty,  but  no  other  convenient  method  was  available, 
and,  after  all,  observations  of  this  kind  with  the  thermoelement  could  be 
translated  in  terms  of  an  observed  scale  whenever  one  should  be  provided. 
It  happens  in  this  particular  case  that  the  extrapolation  (from  1,150°  to  1,755'') 
comes  out  just  50°  low  at  the  platinum  melting-point. 

Now  that  the  gas  thermometer  is  able  to  make  direct  measurements  of 
temperature  up  to  1,550'=  it  is  merely  necessary  to  include  several  tliermo- 
elements  in  the  furnace  with  it,  to  evaluate  their  temperature  curves  by  direct 
comparison,  and  afterward  to  determine  with  them  a  series  of  standard  fixed 
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temperatures  like  the  melting-points  of  metals,  minerals,  or  salts,  which  are 
available  for  general  use. 

This  procedure  has  been  followed  in  the  recent  investigation  at  the 
Geophysical  Laboratory,  with  the  results  which  are  tabulated  below.  The 
pure  metals  are  readily  obtainable  and  the  minerals  easily  made  up,  so  that 
any  one  may  now  calibrate  his  thermoelement  by  noting  its  electromotive 
force  at  the  (known)  melting  temperature  of  three  or  four  of  these  substances, 
preferably  choosing  such  as  will  include  the  region  in  which  he  expects  to 
use  the  thermoelement. 

Such  a  calibration  requires  to  be  checked  from  time  to  time  by  repeating 
one  or  more  of  the  melting-point  observations,  particularly  if  the  element  is 
exposed  to  contamination  from  vapours  of  other  metals.  This  contamination 
is  particularly  disastrous  if  a  thermoelement  is  exposed  to  the  vapour  of 
iridium,  which  explains  the  remark  made  above,  that  m  our  experience  a 
bulb  made  from  an  alloy  of  platinum  and  rhodium  is  to  be  preferred  to  the 
iridium  alloy  in  use  at  the  ReichsanstaU. 

The  standard  melting-points  in  the  table  below  are  taken  from  observa- 
tions by  Day  and  Sosman,*  and  include,  for  comparison,  the  standard 
melting-points  published  by  tlie  Reichsanstalt  in  iqoo,  and  now  in  general 
use. 


The 

Substance. 

Point. 

Atmosphere. 

Crucible. 

Temperature. 

Reichsan- 

stalt Scale. 

Zinc 

Melting  and 
freezing 

Air 

Graphite 

-418-2^ 

±03 

4190° 

Antimony 

Do. 

Carbon 
monoxide 

Do. 

629"2 

±0-5  1 

6306 

Silver 

Do. 

Do. 

Do. 

9600 

-4-0-7 

961-5 

Gold 

Do. 

Do. 

Do. 

1,0624 

-I-0-8 

1 ,064-0 

Copper 

Do. 

Do. 

Do. 

1,082-6 

-1-0-8 

1,084-1 

Diopside 

Melting 

Air 

Platinum 

1,391  "2 

±1-5 

(pure) 

* 

Nickel 

Melting  and 
freezing 

Hydrogen 
and 

Nitrogen 

Magnesia 

and 
Magnesium 
Aluminate 

1.452-3 

+  2-0 

Cobalt 

Do. 

Do. 

Magnesia 

1,489-8 

+  2-0 

Palladium 

Do. 

Air 

Pure 
Magnesia 

1,5492 

±  2-0 

1.575 

Anorthite 

Melting 

Do. 

Platinum 

i,549"5 

±2-0 

(pure) 

In  addition  the  following  temperatures  were  incidentally  obtained  :— 


Cadmium    Melting  and 

freezing 
Aluminum      Freezing 

Platinum        Melting  ■ 


Carbon 
monoxide 


•   A  new  estimate  of  the  melting-point  of  platinum,  which  has  not  yet  been 
directly  determined  with  the  gas  thermometer,  is  included  in  the  above  list. 

*  Lcc.  cit,  p.  i6i.       t  ExtrapolaiiCn  optical.        :  Extrapolation  thermoelectric. 
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It  was  obtained  in  this  way  :  There  is  a  remarkably  close  agreement  between 
independent  determinations  by  radiation  methods  of  the  temperature  interval 
between  the  melting-points  of  palladium  and  platinum  : — 

Nernst  and  von  Wartenberg* 204° 

Holborn  and  Valentiner  (at  the  Reichsanstalt)!      207 

Waidner  and  Burgess  (at  the  Bureau  of  Standards)  I        ...     207 

Mean         206° 

If  we,  therefore,  simply  add  206°  to  the  observed  palladium  melting 
temperature  (1,549°),  ^^'^  obtain  1,755°  ^-  the  melting-point  of  pure  platinum, 
with  an  absolute  error  of  perhaps  no  more  than  +  5°. 

Similarly,  if  we  extrapolate  the  curve  of  thermal  e.m.f .  from  the  palladium 
point  upward  until  the  platinum  wire  of  the  thermoelement  melts,  we  obtain 
a  second  estimate  of  the  platinum  melting-point.  This  has  been  carried  out 
in  the  Geophysical  Laboratory  with  several  elements  of  standard  composition 
(90  parts  platinum,  10  parts  rhodium)  as  well  as  with  others  (i,  5,  and  20  per 
cent,  rhodium),  giving  a  mean  value  of  1,752°  in  excellent  agreement  with 
the  first  extrapolation. 

In  conclusion,  it  may  be  pointed  out  that  the  thermoelement  has  now 
become  a  subsidiary  instrument ;  of  immense  value  as  such  because  of  its  great 
convenience  and  sensibilit}',  but  untrustworthy  when  unsupported  by  adequate 
standards  of  reference  because  of  its  extreme  sensitiveness  to  the  contami- 
nating influence  of  metal  vapours. 

The  wa\^  is  now  open  for  a  direct  and  accurate  calibration  of  radiation 
pyrometers  throughout  the  region  between  900°  and  1,550°  which  should 
afford  a  much  more  certain  basis  for  extrapolation  to  those  extreme 
temperatures  which   no  laboratory  apparatus  can  withstand. 


Mr.  H.  C.  Greenwood,  M.Sc,  read  a  Paper  entitled  "  The  Boiling- 
Points  of  Metals."  A  demonstration  of  his  apparatus  and  method 
had  been  given  before  the  meeting  to  the  members  who  visited  the 
National  Physical  Laboratory. 

The  experiments  w'hich  form  the  subject  of  the  present  communication 
have  been  already  briefly  described  in  Proceedings  of  the  Royal  Society,  a, 
vol.  82,  1909,  p.  396,  and  A,  vol.  83,  1910,  p.  483.  It  was  thought,  however, 
that  as  the  subject  possesses  not  only  scientific  interest,  but  has  also  important 
bearings  on  metallurgy  and  its  allied  industries,  a  description  of  the  investiga- 
tion giving  more  experimental  details  might  be  of  interest. 

The  primary  object  of  the  experiments  was  to  fix  approximate  values  for 
the  boiling-points  of  a  number  of  metals,  and  thus  clear  away  the  very 
considerable  uncertainty  which  existed  in  most  cases.  They  were  afterwards 
extended  to  a  consideration  of  the  dependency  of  the  boiling-points  on  the 
pressure.  The  existence  of  such  a  dependency  is  in  itself  an  important 
criterion  of   any    method    for   fixing   the   boiling-points,    particularly    when 

W.  Xernst  and  H.  von  Wartenberg,  Bcr.  d.  Dcutscli.  pliys.  Ges.,  4,  pp.  4.S,  146 
1906.  ' 

t  L.  Hoiborn  and  vS.  Valentiner,  Ann.  d.  Pliys.,  (4),  22,  i,  1907. 

J  C.  W.  Waidner  and  G.  K.  Burgess,  Btdl.  Bur.  Standards,  3,  p.  163,  1907. 
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dealing  with  the  high  temperatures  necessary  to  effect  the  ebullition  of 
most  metals. 

The  problem  first  received  attention  in  1S79  from  Carnelley  and  Williams,* 
who  attempted  to  determine  the  temperature  of  the  vapours  of  a  few  metals 
by  suspending  tubes  containing  metals  of  known  melting-point  above  the 
surface.  To  take  an  example  of  their  results,  there  is  little  doubt  that  the 
value  for  tin  is  at  least  700°  C.  too  low.  Since  these  experiments,  very  little 
has  been  done  in  the  way  of  a  systematic  determination  of  metallic  boiling- 
points.  Fery.f  however,  determined  the  boiling-point  of  copper  in  1903  by 
optical  measurements  in  an  arc  furnace  and  also  effected  the  fractional 
distillation  of  brass.  The  arc  furnace  is  unsuitable  for  such  measurements 
on  account  of  the  difficulties  of  power  regulation  and  of  temperature  estima- 
tion. Moissan,!  in  the  course  of  an  extensive  investigation  on  the  vaporisation 
of  metals  in  his  arc  furnace,  obtained  values  giving  the  weight  volatilised  in 
a  certain  time  under  given  conditions.  From  these  experimental  results 
Watts  §  has  attempted  to  deduce  approximate  values  for  the  boiling-points 
of  the  metals.  Great  uncertainty  is  due  to  the  considerable  vapour  tension 
possessed  by  many  metals  at  temperatures  well  below  their  boiling-points,  to 
•the  total  lack  of  data  giving  the  latent  heat  of  vaporisation,  and  further  to  the 
fact  that  the  actual  energy  expenditure  in  the  furnace  was  apparentlj*  not 
measured  bj'  Moissan.  Moreover,  this  is  greatly  influenced  by  the  con- 
ductivity of  the  vapours  surrounding  the  arc,  and  many  of  the  results  are  of 
little  value  by  reason  of  the  carburisation  which  took  place.  No  other  data 
were  available  with  the  exception  of  some  values  arrived  at  in  vapour  density 
determinations, II  and  the  general  position  was  so  unsatisfactory  and  the  data 
actually  available  so  discordant  that  farther  investigation  was  urgently 
needed.  With  regard  to  the  effect  of  pressure,  only  ebullition  under  very 
low  pressures  •[  had  been  studied,  except  for  metals  like  zinc  ^'='-  of  com- 
paratively low  boiling-point.  The  main  reason  for  this  was  the  difficulty 
of  finding  any  material  capable  of  withstanding  reduced  pressures  at  tem- 
peratures above  1,400^0.  and  the  consequent  necessity  for  limiting  the 
temperature  by  the  use  of  very  high  vacua.  This  difficulty  was  avoided  in 
the  present  experiments  by  arranging  the  whole  furnace  inside  a  vacuum 
enclosure. 

The  investigation  may  be  divided  into  three  main  sections  : — 

1.  A  study  at  atmospheric  pressure  of  the  boiling-points  of  a  number  of 
metals  which  do  not  combine  appreciably  with  carbon  (antimony,  bismuth, 
copper,  lead,  magnesium,  silver,  tin). 

2.  A  study  at  atmospheric  pressure  of  the  boiling-points  of  some  metals 
which  are  readily  attacked  by.  carbon  with  the  formation  of  carbides 
(aluminium,  chromium,  iron,  manganese). 

3.  The  influence  of  diminished  and  increased  pressures  on  the  boiling- 
points  of  certain  of  the  metals  under  i  (bismuth,  copper,  lead,  silver,  tin, 
zinc). 

Part.  I. — Xox-Carburisable  Metals. 
In  some  earlier  experiments  carried  out  by  Dr.  L.  Bradshaw  the  loss  in 
weight  of  the  metal  maintained  at  fixed  points  over  a  wide  range  of  tem- 

•   Trans.  Client.  Sjc,  1879,  f).  563. 

t  Ainnilcs  dc  Chimie  et  dc  Physique,  Ser.  F.,  vol.  28,  p.  428. 
X  Comptes  Rciidiis,  vol.  142,  p.  425  (1906). 
.    §   Trans.  Amcr.  Elcctrocheiu.  Soc,  1907,  vol.  12,  p.  141. 

II  Cf.  Mensching  and  Meyer,  Annalcu,  vol.  240  (1887),  p.  317,  and  Wartenberg, 
Zeit.  fur  Atiori^.  Chcvtic,  vol.  56,  p.  320  (1908). 
%  Kraft,  Ber.,  vol.  36,  No.  2,  p.  1690  (1903). 
•*  Barus,  Bh/A  U.S.  Gcolog.  Sui^cy,  No.  103.     Phil.  Mag.  fS],  29,  p.  141  (1890). 
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perature  was  determined.  The  loss  by  volatilisation,  however,  was  found  to 
take  place  over  such  a  large  temperature  interval  that  in  the  present  in- 
vestigation other  methods  were  adopted.  Experiments  were  carried  out  in 
whicli  a  considerable  quantity  of  metal,  contained  in  a  thin-walled  graphite 
crucible,  was  heated  in  a  carbon  tube  resistance  furnace  so  chosen  that  the 
temperature  could  be  quite  rapidly  raised,  it  being  hoped  that  when  the 
metal  entered  into  ebullition  a  discontinuity  in  the  rise  of  temperature 
would  be  observed,  as  shown  by  optical  temperature  readings  on  the  outside 
of  the  crucible.  Such,  however,  was  not  the  case,  the  temperature  of  the 
walls  rising  considerably  above  the  boiling-point  of  the  metal.  It  was 
eventually  found  that  the  best  results   were   to    be  obtained    by  gradually 


lM(i.    I. 


raising  the  temperature  of  the  metal  and  taking  observations  of  the  surface 
from  above  through  an  absorbing  glass.  The  surface  at  first  remains 
perfectly  still,  but  on  approaching  the  boiling-point  a  slight  agitation  is 
observed  to  set  in,  which  rapidly  becomes  vigorous.  In  most  cases  the 
difference  between  the  temperatures  indicated,  when  a  gentle  agitation  is 
first  apparent  and  when  the  ebullition  is  so  vigorous  that  globules  of  metal 
are  projected  to  a  height  of  over  10  cm.,  does  not  exceed  100°.  By  taking 
the  boihng-point  as  that  temperature  at  which  ebullition  first  becomes 
decided,  quite  concordant  results  were  obtained  in  different  experiments 
(cf.  records  of  experiments  given  in  Table  I.). 

Prom  observations  of  a  number  of  metals  in  this  manner  it  seems  probable 
that  the  boiling-point  may  with  fair  approximation  be  taken  as  the  tempera- 
ture at  which  the  vaporisation  becomes  sufficiently  vigorous  to  cause  a 
decided  projection  of  drops  from  the  surface  (e.g.,  1,955°  i"  the  above  cited 
three  experiments  with  silver). 
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Clear  and  still. 

Ditto. 

Ditto. 

Ditto. 

Ditto. 

Ditto. 

Slight  agitation- at  edges. 

Ditto. 

Clear,  gentle  agitation  all 
over  surface. 

Agitation  decided,  no  drops 
thrown  up. 

Agitation    decided,     occa- 
sional drops. 

Drops  sent  up  decidedly. 

Drops    vigorous,    half-way 
up  crucilile. 

Drops    projected     out    of 
crucible. 

'sajsduiy  )U3Jjn3 

OOOOQOOOO         0         0         00         0 
rO  r<~,vC  \0  vO  l^  t^OO  00        00         &>        O^  O        O 
ro  m  ro  CO  CO  ro  ro  CO  CO       fO       ro       CO  ro       co 

wnjEJaduiax 

.000000000        0       10      ino        Q 
M  ^\o  t^  CO  0  -^vC  00  Q        cj        CO      tooo        0 

M  -^  100  t^  I>.00_00_^00_^  On       q^       CT;       <^0^       0 

•jnaiuaonaui 
-uxoo  uiojj  atiiix 

-• 

Perfectly  clear  and  still. 

Ditto. 

Ditto. 

Slight  traces  of  movement 

at  edges. 
Surface  quiet. 
Gentle  agitation,  no  drops 

thrown  up. 
Ditto. 
Decided    agitation,    drops 

thrown  up  gently. 
Ditto. 

Drops  halfrway  up  crucible. 
Vigorous,  drops  projected 

out  of  crucible. 
Ditto. 

•sajaduiy  juajjno 

vOvO^OC^        O-O^        ^0^        000         0 
CJCJMCI        c»c<        csci        coroco       co 

•3jn}EJ3dUJ9X 

■  Oioou^      Ou^      lovo      miom      0 

«t-»«vCt^       0O«          NiO        u-)f^I->       00 

^  r^oo  0000      ooo^      o^o^      o^o-o^      0 

■^uauiaonaiu 
-uioo  uiojj  aiuix 

cocco"       c;ro      'I- 10     \c  r^oc       c- 

■-__C.)C^           t-icj           C4CS           C)CIC<           CS 

1 

1 

Clear  and  still. 

Ditto. 

Clear,  gentle  agitation  at 
edges,  centre  still. 

All  surface  in  gentle  agita- 
tion, no  drops  thrown  up. 

Ditto. 

Drops  thrown  up  very 
gently. 

Ditto. 

Drops  quite  decided. 

Drops  thrown  half-way  up 
crucible. 

Drops  sent  out  of  crucible. 

Ditto. 

-ssisdiuv  }u3jjno 

000      0      00      000      00 

CIMPJ           CO          COCO          COCOCO          COCO 

CO  CO  CO       CO       coco       COCOCO       coco 

•aaniEjaduiax 

000         >^        lOlO        lOiOU-)        VOVO 

^000000       0^      ^^      '^  *^  "-^^      '^  ^ 

•JU31U33U31.U 
-UlOO   UiSjJ   31UIX 

cC<co-^       »o      \Ct^      OCC-O        '-10 

a  -H 
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In  most  of  the  experiments  the  furnace  employed  was  of  the  vertical 
carbon  tube  resistance  type  (see  F'ig.  i),  tubes  25  cm.  long  and  of  20  and 
30  mm.  internal  diameter  respectively  being  used.  The  ends  were  electro- 
coppered  and  soldered  into  brass  castings  provided  with  water  circulation  at 
A  and  B,  and  a  side  tube  of  carbon  was  fitted  to  the  centre  of  the  resistor, 
and  continued  at  the  other  end  by  a  brass  fitting  furnished  with  a  window. 
The  whole  was  packed  in  crushed  wood  charcoal,  this  being  a  good  heat 
insulator,  and  also  desirable  as  regards  absence  of  vapours  at  high  tempera- 
tures. Suspended  and  fitting  fairly  closely  inside  the  resistance  tube  was  a 
long  graphite  crucible,  made  as  thin  as  possible  (about  i  mm.)  in  the  wall  s 


and  containing  the  charge  of  metal.  This  form  of  crucible  acts  as  a  reflux 
condenser,  and  the  amount  of  metal  does  not  rapidly  decrease.  Graphite 
being  an  excellent  conductor  of  heat,  the  error  due  to  temperature  difference 
between  the  outer  and  inner  surfaces  of  the  crucible  walls  was  thus  rendered 
negligible.  A  depth  of  about  30  mm.  of  metal  was  ordinarily  used,  and  tem- 
perature readings  were  taken  on  the  walls  of  the  portion  thus  occupied  (tliis 
being  arranged  immediately  opposite  the  side  tube)  by  means  of  a  Wanner 
optical  pyrometer.  Freedom  from  fumes  in  the  side  tube  was  secured  by  the 
passage  of  a  current  of  hydrogen  admitted  at  C.  With  this  arrangement  only 
the  radiation  from  the  crucible  walls  could  fall  upon  the  pyrometer,  and  a 
close  approximation  to  black  body  conditions  was  obtained. 

Using  the  two  sizes  of  carbon  tube  mentioned,  currents  of  about  500  and 
900  amperes  at  8  and  10  volts  respectively  were  required  to  raise  the  tempera- 
ture to  2,500°  C.  moderately  quickly.     The  temperature  was  under  delicate 


150  high-temperaturp:  work 

control  by  manipulation  of  a  rheostat  in  the  field  circuit  of  the  separately- 
excited  dynamo  supplying  the  current.  Although  experiments  made  up  to 
1,500°  in  comparing  the  optical  temperature  readings  with  those  of  a  thermo- 
couple immersed  in  the  metal  indicated  that  the  difference  between  the 
temperature  of  the  metal  and  that  of  the  outer  walls  was  negligible,  it  was 
thought  desirable  to  obtain  further  proof  of  this.  With  this  object  in  view 
and  to  make  use  of  a  somewhat  different  method  of  measurement,  the  appa- 
ratus shown  in  Fig.  2  was  devised,  the  metal  being  contained  in  the  annular 
portion  of  a  graphite  crucible  of  the  form  shown,  heating  being  effected 
internally  by  radiation  from  the  intensely  heated  central  carbon  rod  supplied 
with  current  from  the  two  thick  graphite  rods.  To  attain  the  boiling-point 
of  lead,  i.e.,  about  1,500°  C,  a  current  of  about  200  amperes  at  20  volts  was 
necessary,  using  a  central  carbon  rod  of  9  mm.  diameter.  The  arrangement 
was  fixed  inside  a  wide  carbon  tube  lagged  with  kieselguhr,  and  temperature 
readings  taken  on  the  outside  of  the  crucible  down  a  side  tube  exactly  similar 
to  that  used  in  the  apparatus  shown  in  Fig.  i.  Here  the  effect  of  temperature 
errors  due  to  imperfect  thermal  conductivity  of  the  Crucible  walls  is  reversed, 
and  the  possibiHty  of  reflexion  from  the  resistor  altogether  removed.  Experi- 
ments with  lead  gave  results  in  agreement  with  those  obtained  by  the  other 
method,  but  it  was  equally  impossible  to  obtain  limitation  of  the  temperature 
of  the  outer  surface  of  the  crucible  when  the  contents  were  caused  to 
vigorously  boil.  It  was  therefore  concluded  that  the  apparatus  shown  in  Fig.  i 
was  introducing  no  error  due  to  this  source.  A  curious  effect  was,  however, 
traced  to  the  current  of  hydrogen  employed  in  the  side  tube  of  the  furnace. 
If  this  current  were  stopped  when  the  metal  was  gently  boiling  ebullition 
ceased.  On  substitution  of  nitrogen  for  hydrogen  the  temperature  readings 
agreed  among  themselves  in  similar  experiments,  but  were  always  consider- 
ably higher  (50°  to  lOO")  than  those  obtained  in  a  hydrogen  atmosphere. 
This  curious  effect  is  probably  to  be  explained  by  the  ease  with  which 
hydrogen  diffuses  through  the  crucible  walls,  dislodging  the  heavy  vapours 
above  the  surface  of  the  metal. 

That  this  action  actually  occurred  could  be  distinctly  seen  by  interrupting 
and  then  suddenly  restarting  the  current  of  hydrogen  whilst  looking  down 
the  crucible.  Measurements  were  in  most  cases  made  with  both  nitrogen 
and  hydrogen,  but  it  seems  probable  that  the  results  obtained  with  the  use  of 
the  latter  approximate  more  closely  to  the  true  boiling-points  at  atmospheric 
pressure. 

Accuracy  of  the  temperature  measurements  was  ensured  by  the  insertion 
of  an  ammeter  and  rheostat  in  the  standard  lamp  circuit  of  the  optical  pyro- 
meter. Comparison  with  a  thermoelement  up  to  1,500°  showed  that  the 
readings  closely  agreed  with  the  .thermoelectric  temperatures  (due  allowance 
being  made  for  the  difference  between  the  two  scales).  A  further  check  was 
secured  by  determining  the  "black  body"  melting-points  of  strips  of  platinum,, 
rhodium,  and  iridium  specially  prepared  in  a  high  state  of  purity  by  Messrs. 
Johnson,  Matthey  &  Co.  These  strips,  which  were  4  mm.  wide  and  8  cm. 
long,  were  mounted  horizontally  and  heated  electrically.  A  series  of  results 
obtained  for  the  melting-points  of  these  metals  is  given  on  page  151. 

The  values  given  by  Holbor^i  and  Henning  -  for  the  "  black  body  "  melt- 
ing-points are  as  follows  :  Platinum  1,545°,  rhodium  1,650°,  iridium  2,000". 
Seeing  that  the  readings  obtained  with  this  optical  pyron^ter  are  now  capable 
of  reference  to  some  definite  standard,  it  was  thought  best  to  publish  the 
results  without  further  correction,  all  temperatures  being  given  on  the  optical 
scale, 

•  Sitzungsbci:  K.  Akad.  V^iss.  Berlin,  1905,  vol.  12,  p.  311. 
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Platinum. 

Rhodium. 

Indium. 

Deg. 

Deg. 

Deg. 

1,545 

1,670 

1,995 

1,560 

1,655 

1,9^5 

1.555 

1,680 

2,025 

1,545 

1,680 

1,990 

1,680 

2,035 

Mean     1,551 

1,673 

2,006 

In  the  following  table  will  be  found  a  list  of  the  boiling-points  experi- 
mentally determined,  and  also  of  the  data  previously  available. 

In  the  case  of  magnesium  the  boiling-point  was  determined  by  the  use  of 
a  protected  thermocouple  immersed  in  the  metal,  the  temperature  remaining 
steady  while  the  metal  distilled  into  the  upper  portion  of  the  crucible. 
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Previous  Data. 

Metal. 

Author's 

Values. 

Authority. 

Values. 

Copper         

Fery 

2,100° 

2,310° 

Wartenberg 

Above  2,200° 

Tin 

Carnelley  and  Williams 

1. 435"-!, 505° 

2,275° 

Wartenberg 

Above  2,200° 

Silver             

Wartenberg 

2,070° 

1,955'' 

Lead 

Carnelley  and  Williams 

i,435°-i,505° 

1,525° 

Wartenberg 

1,580° 

Bismuth       

Carnelley  and  Williams 

1, 084°-!, 435° 

1,420° 

Barus 

1,550° 

.Antimony     

Carnellev  and  Williams 

i,o84°-i,435° 

1,440° 

Mcnsching  and  Mever 

Above  1,437° 

Blitz  and  Meyer 

1, 500°- 1, 700° 
1,100^ 

Magnesium 

Ditte 

1,120° 

Wartenberg 

Above  2,200° 

Part  II.  Metals  which  readily  Combine  with  Carbon. 

In  dealing  with  these  metals  any  contact  with  graphite  was  of  course 
inadmissible.  The  difficulty  of  preventing  such  contact  at  these  high  tem- 
peratures proved  to  be  a  very  serious  one,  and  for  long  it  was  found  impossible 
to  obtain  anything  like  concordant  results.  Many  attempts  were  made  to 
utilise  the  magnesia  tubes  of  the  Royal  Berlin  Porcelain  Factory  contain- 
ing vessels.  However,  even  with  tlie  most  gradual  heating,  these  tubes  almost 
invariably  cracked  and  allowed  the  contents  to  flow  out.  Eventually  a 
method  was  devised  for  "brasquing"  long  carbon  crucibles  with  fused 
magnesia,  though  still  many  of  the  experiments  proved  failures  owing  to  the 
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breakdown  of  the  protective  lining.  Only  those  experiments  in  which  the 
lining  had  remained  entire  were  taken  into  consideration.  Pure  magnesia 
was  electrically  shrunk  by  packing  round  a  carbon  rod  intensely  heated  by 
an  electric  current  and  subsequently  crushed  and  sieved.  The  fine  powder 
was  kneaded  with  a  saturated  solution  of  magnesium  chloride,  and  by  the 
use  of  a  wooden  former  a  uniform  lining  2  mm.  thick  was  obtained.  After 
slowly  drying  at  200°  the  crucible  was  gradually  heated  up  in  the  furnace  (ot 
the  type  shown  in  Fig.  i),  hydrogen  chloride  being  copiously  evolved  during 
the  process.  The  temperature  was  then  allowed  to  fall  somewhat  and  the 
charge  of  metal  introduced.  Using  this  method  the  -linings  remained 
perfectly  intact  and  coherent  after  heating  to  1,800^,  and  could  be  used  up  to 
2,500°.  At  temperatures  above  1,700°  some  trouble  was  caused  by  the  inter- 
action of  the  magnesia  and  carbon  with  the  production  of  a  dark  grey 
sublimate.  This,  however,  was  not  sufliciently  energetic  to  materially 
interfere  with  the  observations  pf  the  metal  surface  except  at  the  high 
ebullition  temperature  of  iron.  The  metals  studied  in  this  way  were 
aluminium,  chromium,  iron,  and  manganese.  It  \Vas  early  suspected  that 
the  boiling-points  of  aluminium  and  manganese  were  considerably  lower 
than  the  values  usually  assigned  to  them,  many  circumstances  pointing  to 
this  conclusion.  With  aluminium  an  additional  difficulty  was  encountered 
in  the  shape  of  the  very  tenacious  surface  film  of  oxide  always  present,  this 
rendering  the  commencement  of  ebullition  very  sudden.  Manganese  and 
chromium  do  not  show  this  behaviour,  but  many  experiments  proved  failures 
on  account  of  the  corrosive  action  of  the  metal  on  the  magnesia  lining — the 
higher  temperatures  being,  of  course,  partly  responsible.  At  the  very  high 
temperature  necessary  to  effect  the  ebullition  of  iron  (about  2,500°)  the 
reaction  between  magnesia  and  carbon  becomes  very  vigorous,  making  the 
observations  of  the  metal  surface  somewhat  difficult.  In  all  successful 
experiments,  i.e.,  in  which  the  brasque  had  remained  intact,  the  metal  was 
found  to  be  almost  carbon  free  after  the  experiments.  It  was  ascertained 
that  the  error  in  temperature  measurement,  due  to  the  layer  of  badly  con- 
ducting magnesia,  was  negligible  by  control  experiments  with  silver  and 
copper  in  brasqued  crucibles,  the  values  for  the  boiling-points  being  practi- 
cally the  same  as  those  indicated  above. 

The  values  found  for  these  metals  are  given  below. 

Aluminium 1,800°  C. 

Manganese  ...         ...         ...         ...  1,900° 

Chromium    ...         ...         ...         ...         ...         ...  2,200° 

Iron 2,450° 

No  previous  direct  determinations  have  been  made  for  these  metals. 
Wartenberg  states  the  boiling-point  of  aluminium  to  be  over  2,200°,  while  the 
deductions  from  Moissan's  work  are  valueless,  seeing  that  no  precautions 
were  taken  to  prevent  carburisation. 

Part  III. — Experiments  at  Pressures  other  thax  Atmospheric. 

In  these  experiments  the  same  general  methods  were  used  and  the  furnaces 
were  of  the  same  type  as  those  in  the  experiments  already  described,  but 
modified  to  fit  inside  gas-tight  enclosures.  The  form  used  for  the  experiments 
at  reduced  pressures  is  shown  in  Fig.  3.  Here  the  furnace  was  arranged  inside 
a  water-jacketed  tinned  iron  cylinder,  mounted  on  a  cast-iron  ring,  making  an 
air-tight  joint  with  the  greased  base  olate.  A  resistor  with  water-cooled  ends 
was  used,  water  circulation  being  effected  by  P  and  Q.     The  current  was  led 
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in  hy  the  water-cooled  fitting  C  (insulated  by  the  rubber  stopper  K)  and  the 
copper  strips  B,  which  were  insulated  by  micanite  ribbons  and  returned 
through  the  copper  spring  A  to  the  base  plate.     Observations  of  the  metal 


Fig.  3. 


surface  were  taken  through  the  window  M  and  temperature  readings  through 
the  wmdow  in  the  fitting  F".  This  fitting,  which  was  fixed  into  but  insulated 
from  a  graphite  tube  K,  this  in  its  turn  fitting  into  the  side  tube  of  the  furnace, 
was  supplied  with  a  slow  current  of  nitrogen  or  hydrogen  to  ensure  tlie 
absence  of  vapour  in  the  sighting  tube,  and  an  air-tight  joint  to  the  body  of 
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the  cylinder  was  secured  by  an  asbestos  washer.  The  evolution  of  occluded 
gas  from  the  charcoal  surrounding  the  resistor,  together  with  the  admission 
of  gas  at  F,  necessitated  the  employment  of  a  powerful  pump  to  maintain  a 
constant  vacuum.  It  was  found  easily  possible,  however,  to  keep  down  the 
pressure  to  below  lo  cm.  of  mercury.  The  furnace  resistor  tube  was  of 
20  mm.  internal  diameter  and  20  cm.  in  length,  and  a  current  of  about  350 
amperes  at  6  volts  was  required  to  attain  a  temperature  of  2,100^  C.  At 
reduced  pressures  the  various  stages  of  the  ebullition  were  indicated  some- 
what more  sharply  than  at  atmospheric,  and  the  effect  of  the  gas  in  the  side 
tube  was  found  to  be  much  less  marked,  h\'drogen  and  nitrogen,  for  instance, 
giving  almost  identical  results.  This  may  probably  be  explained  by  the 
greater  ease  with  which  hydrogen  would  diffuse  through  the  crucible  walls- 
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Fig.  4. 

into  the  column  of  metallic  vapour  at  higher  pressures.  The  results  of  these 
experiments  are  given  in  Fig.  4  in  graphical  form — only  metals  unaffected  by 
carbon  being  studied  (the  values  for  zero  pressure  are  taken  from  the  above- 
cited  paper  by  Krafft — those  for  silver  and  copper  being  only  probable 
estimates). 

From  these  curves  it  may  be  seen  that  the  metals  in  question  conform 
fairly  closely  to  Ramsay  and  Young's  law  in  being  similarly  affected  by 
pressure.  It  is  consequently  not  unwarrantable  to  suppose  that  the  boiling- 
points  of  the  readily  carburisable  metals  would  show  a  closely  similar 
dependency  on  pressure.   '  « 

In  addition  to  the  experiments  at  low  pressures,  boiling-point  determina- 
tions were  also  made  at  positive  pressures  ranging  from  5  to  50  atmospheres, 
the  high-pressure  furnace  designed  by  Dr.  Hutton  and  Professor  Petavel  and 
already  described  by  them  ■'  being  utilised  as  a  containing  envelope  for  the 
,   *  Phil.  Trails.,^  vol.  207,  p.  421. 
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resistance  furnace.  This  consists  briefly  of  a  forged-steel  cylinder  (Fig.  5) 
provided  with  a  lid,  making  a  gas-tight  lead  spigot  joint.  Water-cooled  elec- 
trodes pass  through  stufting  boxes  at  top  and  bottom,  while  various  openings 
are  provided  for  valves,  windows,  gauge  connections,  &c.  It  was  difficult  in 
tins  case  to  employ  the  ordinary  water-cooled  electrodes,  so  large  graphite 
blocks  were  substituted,  one  being  electro-coppered  and  soldered  into  the 
fitting  carried  by  the  water-cooled  electrode  F,  while  the  other  was  held  by 
stout  steel  strips  connected  to  the  cast-iron  protection  liner.     By  means  of 


Fig.  5. 

brass  wedges  this  liner  was  put  into  good  electrical  contact  with  the  main 
forging  of  the  pressure  enclosure  and  serv'ed  as  the  return  path  for  the 
current.  It  was  possible  to  view  the  surface  of  the  metal  from  a  thick 
conical  window  A  cemented  into  a  steel  cover.  Temperature  readings  were 
taken  through  a  similar  window  B  fixed  into  a  gun-metal  fitting  provided 
with  a  side  tube  C,  which  was  connected  tc  a  cylinder  of  compressed 
hydrogen.  (This  gas,  as  well  as  that  employed  for  obtaining  the  desired 
working  pressure,  was  generated  from  zinc  and  sulphuric  acid  and  com- 
pressed into  cylinders.-)  A  current  of  compressed  gas  could  thus  be  passed 
Cl.  Button  and  Petavel,  Jottni.  Soc.  Chcvi.  Intl.,  1904,  vol.  22,  p.  87. 
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down  the  side  tube  of  the  furnace,  and  in  practice  no  difficulty  was  expe- 
rienced in  keeping  the  tube  free  from  fumes  except  in  working  at  the  highest 
pressures  employed,  when  a  rapid  current  of  gas  was  required.  The  pyro- 
meter was  not  sighted  directly  down  the  side  tube,  but  the  radiation  was 
reflected  from  a  plane  mirror  inclined  at  45°  to  the  axes  of  the  tube  and  the 
pyrometer  respectively,  the  correction  for  the  loss  on  reflexion  being  deter- 
mined by  separate  experiments.  It  was  found  unnecessary  to  fill  the  furnace 
to  the  full  pressure  at  which  it  was  desired  to  operate,  for  if  about  two-thirds 
of  this  amount  of  gas  were  introduced  and  the  valves  closed,  the  pressure 
quickly  rose  by  expansion  and  disengagement  of  gas  from  the  charcoal  on 
commencement  of  the  heating.  Constancy  was  then  maintained  by  allowing 
gas  to  slowly  escape.  The  energy  required  in  this  furnace  was  a  little  greater 
than  in  the  other  forms — a  current  of  about  600  amperes  at  18  volts  giving  a 
temperature  of  2,000°.  In  the  first  experiments  under  pressure  considerable 
trouble  was  caused  by  a  curious  convection  effect  in  the  column  of  com- 
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Fig.  6. 


pressed  gas  below  the  window  A  and  through  whicli  the  visual  observations 
of  the  metal  surface  were  taken.  The  pronounced  wavering  appearance  set 
up  made  it  extremely  difficult  to  decide  when  the  surface  of  the  metal  began 
to  show  a  movement.  This  effect  (which  was  absent  at  ordinary  pressure) 
was  finally  almost  eliminated  by  the  addition  of  a  "chimney"  E  consisting  of- 
a  carbon  tube.  With  this  arrangement  the  convection  currents  were  almost 
entirely  absent  except  with  pressures  above  50  atmospheres. 

With  regard  to  the  sharpness  of  the  observations  this,  as  would  be 
expected,  was  not  quite  so  great  as  at  atmospheric  pressure.  Sublimation 
below  the  boiling-point  also  seemed  to  be  more  pronounced,  the  clouds  of 
vapour  obscuring  the  metal  surface  to  some  extent.  It  was,  notwithstanding, 
fairly  easy  to  decide  upon,  the  point  at  which  globules  began  to  be  thrown 
up.  On  account  of  the  rapid  i*ise  of  the  boiling-point  wnth  pressure  it  was 
impracticable  to  study  very  high  boiling-points  {e.g.,  copper,  boiling-point 
under  atmospheric  pressure  2,310°)  under  pressure.  With  a  metal  of  rela- 
tively low  boiling-point  like  zinc  the  temperature-pressure  curve  was  followed 
much  further — up  to  50  atmospheres.  Above  this  pressure  the  convection 
currents  and  the  dense  clouds  of  jjapour  over  the  metal  surface  rendered 
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observations  very  difficult.  This  metal  shows  a  somewhat  abnormal 
behaviour,  the  character  of  the  distillation,  particularly  at  the  liigiicr 
pressures,  having  more  the  appearance  of  a  very  rapid  volatilisation  than 
of  an  actual  ebullition.  The  results  obtained  with  lead,  bismuth,  and  zinc  are 
expressed  graphically  in  Fig.  6.  By  comparison  with  Fig.  4  it  will  be  seen 
how  marked  is  the  influence  of  pressure — the  boiling-point  of  bismuth, 
for  instance,  being  altered  860^  within  the  limits  of  pressure  used  in  these 
experiments. 


Appendix. 

Derivation  of  the  Latent  Heats  of  Vaporisation  from   the  above 
Experimental  Results. 

In  connection  with  the  dependency  of  the  boiling-points  on  the  pressure 
it  was  thought  of  interest  *  to  try  to  calculate  the  latent  heats  of  vaporisation 
which  are  quite  unknown  quantities  for  these  metals,  except  in  the  case 
of  zinc. 

Without  entering  here  at  length  into  tliermodynamical  considerations,  we 
may  obtain  by  integration  of  the  equation — 


RTd .  Inp  =  Q 


dT 
T' 


in  which  T  represents  the  absolute  temperature  of  the  boiling-point,  p  the 
pressure  in  atmospheres,  and  Q  the  latent  heat,  assuming  Q  independent 
of  T— 

Rlnp  =  K  -  2 


4>57ilog/>=K 


The  integration  constant  K,  according  to  Trouton's  rule,  is  universal,  and 
may  be  obtained  by  dividing  the  absolute  temperature  of  the  boiling-point 
into  the  latent  heat,  its  value  being  about  22.  Tiiis  rule,  however,  only  holds 
for  temperatures  not  very  different  from  the  ordinary  temperature,  and  we 
find  that  a  better  agreement  between  theory  and  experiment  is  obtained 
by  taking  values  of-  K  greater  than  22,  this  being  particularly  necessary  with 
the  metals  of  highest  boiling-point.  From  such  considerations  the  most 
probable  values  deduced  for  the  latent  heats  are  as  follows  : — 


Metal. 

Constant. 

Latent  Heat. 

Copper 

Tin       

Silver 

Lead     

Bismuth           

Zinc      

27 
29 

25 
25 
25 
24 

70,600 
73.900 
55.800 
45.500 
42,700 
28,500 

•  Zcif.  fur  physikalischc  Chemie,  vol.  Ixxvi.,  4,  p.  484  (1911). 
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Mr.  A.  Blackie,  B.A.,  read  a  Paper  "  On  the  Behaviour  of  Fused 
Sih"ca  at  High  Temperatures." 

In  view  of  the  large  number  of  uses  to  which  vitreous  silica  is  now  put, 
it  may  perhaps  be  of  some  interest  if  a  short  account  is  given  of  some  inves- 
tigations concerning  its  behaviour  at  high  temperatures  which  were  made 
at  the  National  Physical  Laboratory  three  years  ago,  and  which  have  not 
hitherto  been  published.  The  tests  were  made  at  the  request  of  the  Tliermal 
Syndicate,  Ltd.,  of  Newcastle-on-Tyne,  and  the  results  mentioned  in  this 
paper  are  published  by  their  kind  permission. 

The  research  had  the  following,  objects  : — 

1.  To  ascertain  the  loss  of  strength  of  the  substance  after  heating  to 

high  temperatures  for  definite  periods. 

2.  To  examine  the  changes  in  the  structure  of  the  material  wliich  takes 

place  under  the  sarne  conditions,  and 

3.  To  compare  the  coefficients   of   expansion  of   the  transparent  and 

opaque  varieties. 

For  the  purpose  of  the  first  two  investigations  the  laboratory  was  supplied 
with  samples  of  four  different  types  of  vitreous  silica  of  convenient  sizes. 
When  necessary  these  were  cut  or  ground  to  the  correct  dimensions." 

Vitreous  silica  may  be  obtained  in  two  main  types  : — 

(a)  As  a  transparent  glass  almost  or  quite  free  from  bubbles.  This  is 
prepared  by  a  difficult  and  lengthy  process,  Jbut  when  finished  is  as  clear 
as  good  glass. 

(b)  As  an  opaque  or  translucent  glass  containing  bubbles.  The  difficulty 
of  manufacture  is  in  this  case  not  so  great,  and  very  much  larger  apparatus 
can  be  made.  In  most  cases,  unless  transparency  be  an  object,  it  may  be 
used  for  the  same  purposes  as  the  transparent  material. 

The  types  of  silica  used  in  this  research  may  be  briefly  described  as 
follows,  and  are  subsequently  referred  to  by  letters.  The  first  three  types 
are  opaque  or  translucent  : — 

Silica  "U"  {Unglazed). — This  material  was  received  in  the  form  of  rods 
which  had  been  drawn  and  then  cut  into  thinner  strips.  It  shows  long 
parallel-sided  bubbles.     Photographs  i  and  2. 

Silica  "  G  "  (Glazed). — These  specimens  have  been  subsequently  glazed 
on  both  surfaces.  The  inner,  intermediate,  and  surface  layers  show  quite 
distinct  types  of  bubbles.     Photographs  3-6. 

Silica  "S"  {Saiin-like). — These  specimens  had  one  smooth  surface  with 
a  satin-like  sheen,  showing  flat  elliptical  bubbles,  while  the  other  surface  was 
rough  and  had  a  few  adhering  grains  of  sand.     Photographs  7-10. 

Silica  "T"  {Transparent).— This  was  transparent  and  glass-like  and 
showed  a  few  long  parallel-sided  bubbles.  The  specimens  were  formed 
by  collapsing  the  walls  of  tubes  by  means  of  heat  until  flat  sides  were 
obtained.     Photographs  11  and  12. 

•  The  silica  was  cut  by  means  of  a  horizontal  mild  steel  disc  armed  witli 
diamond  or  carborundum  dust.  The  diameter  of  the  wheel  was  about  »^  in.  and 
its  thickness  rather  less  than  j^'in.  It  was  electrically  driven  and  proved  very 
satisfactory,  it  being  possible  to 'cut  quite  large  and  thin  sections  by  this  means. 
Some  interesting  phenomena  concerning  the  rearming  of  the  disc  were  noticed 
during  the  course  of  the  research.  Grinding  and  polishing  were  carried  out 
by  means  of  carborundum  wheels  and  discs  covered  with  carborundum  papers 
of  different  grades,  and  where  necessary  the  specimens  were  finished  on  the 
usual  buffs.  • 


Fig.    I. — Uiiglazcd  Silica.     Shows  long  paiallel-sidcd  bubbles. 

Fig.  2. —  Uiiglazcci  Silica.     Cross-section.     The  black  dots  are  tlie  ends  of  bubbles. 

Fig.  3. — Glazed  Silica.     Shows  surface  or  "glazed"  portion  with  spherical  bubbles. 

Fig.  4. — Glazed  Silica.     Shows  intermediate  layer  with  irregular  bubbles. 

P'lG.  5. — Glazed  Silica.     Shows  inner  la\er  with  elliptical  bubbles. 

Fig    6. — Glazed  Silica.     Cross-section.  « 


Fig.  5. 
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Magnification  30  Diameters. 
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Fig.  -. — Saiiii-likc  Stlua.     Shows  upper  surface  \vith  flat  elliptical  bubbles. 

Fig.  8. — Satiii-likc  Silica.     Shows  middle  layer. 

Fig.  9. — Satin-like  Silica.     Shows  rough  under  surface  with  needles  of  silica. 

Fig.  10. — Satiii-likc  Silica.     Shows  portion  of  cross-section. 

Fig.  II. -Transparent  Silica.     Shows  parallel  sided  bubbles. 

Fig.  12.— Trans/'arcnt  Silica.     Cross-section  shows  ends  of  bubbles  as  black  dots. 


I-  in 


^■^ 


f^ 


^' 


.y 


'yf  - 


) 


I  '■■>  ■ 


\ 


V 

^'^ 


I 


•R  -'^: 

V 


Fig.  t). 


Fii..   II.  Fk;.  12. 

Magnification  30  Diameters. 
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1.  Strength  Tests. 

The  test  selected  as  a  criterion  of  tlie  strength  of  the  materials  was  the 
transverse  fracture  of  a  beam.  The  tests  were  carried  out  on  batches  of 
samples  some  of  which  had  been  subjected  to  the  action  of  heat  for  definite 
periods.  Each  batch  consisted  of  specimens  of  the  various  types,  and  in 
all  cases  these  were  heated  and  cooled  together  under  precisely  similar 
circumstances. 

The  testing  arrangement  consisted  of  two  steel  blocks  resting  on  a  surface- 
plate  and  kept  at  a  constant  distance,  1-5  cms.,  apart.  Above  these  is  a  steel 
beam  pivoted  at  one  end  and  bearing  immediately  above  the  centre  of  the 
gap  between  the  blocks  an  ebonite  knife  edge,-  by  means  of  which  the  load 
was  applied.  The  force  was  applied  to  the  free  end  of  the  beam  by  means 
of  a  tension  screw  connected  by  a  cord  to  a  spring  balance  which  measured 
the  force  applied  directly.  The  specimens  for  test  varied  from  i  to  3  mm. 
thick  and  from  5  to  10  mm.  wide,  and  were  measured  carefully  both  before 
and  after  fracture. 

The  criterion  chosen  for  the  strength  of  the  beam  is  the  quantity  known 

as  the  modulus  of  transverse  fracture  and  is  defined  as  /=  rp,  where  M  is 

the  maximum  bending  moment  and  b  and  //  the  width  and  depth  of  the  beam 
respectively.  Tests  on  specimens  of  different  tliicknesses  and  of  the  same 
kind  showed  a  sufficiently  good  agreement  with  this  law  to  warrant  its  use 
in  reducing  figures  for  comparative  purposes. 

To  obtain  the  value  of  /  for  any  particular  class  of  material  about  ten 
similarly  treated  specimens  of  various  thicknesses  were  broken  and  the  result 
for  each  reduced  according  to  this  formula.  The  mean  of  all  was  taken  as 
the  value  of  /.  Considering  the  nature  of  the  material  it  was  not  deemed 
safe  to  trust  to  a  smaller  number  of  experiments  for  each  figure.  The 
probable  error  of  the  mean  was  in  each  case  ascertained. 

After  the  tests  of  the  different  materials  in  the  virgin  state,  samples  of 
each  kind  were  heated  together  in  a  platinum-wound  electric  furnace  for 
different  periods  and  temperatures,  and  were  afterwards  tested  for  strength. 
The  samples  were  placed  in  the  furnace,  which  was  raised  as  rapidly  as  pos- 
sible to  the  desired  temperature,  and  then  maintained  steady  for  the  requisite 
number  of  hours  and  allowed  to  cool  naturally  before  the  specimens  were 
removed.  A  continuous  photographic  record  of  the  temperature  was  taken 
throughout,  and  it  was  found  easy  to  maintain  the  latter  constant  throughout 
the  run  within  a  few  degrees.  The  specimens  were  tied  in  bundles  with 
platinum  wire,  on  which  they  rested,  and  were  subject  to  the  action  of  the 
air  while  being  heated. 

The  two  fragments  of  each  specimen  after  breaking  (the  great  majority 
broke  cleanly  under  the  knife  edge)  were  preserved  and  the  most  typical 
were  subsequently  utilised  for  the  preparation  of  the  specimens  for  the 
microscopic  examination  of  the  second  part  of  this  research. 

An  abstract  of  a  table  (see  page  160)  gives  the  value  of  /  in  kilo- 
grammes per  square  centimetre  for  most  of  the  tests  made.  In  most  cases 
the  probable  error  is  from  10  to  20  units  except  in  the  case  of  Silica  "  T," 
where  it  is  somewhat  larger. 

On  comparing  the  relative  strengths  of  different  kinds  of  silica  as  shown 
in  this  table,  it  is  at  once  noticeable  that  the  transparent  material  is  between 

*  Ebonite  was  employed  in  order  to  prevent  the  "  gritting  "  action  of  a  sharp 
metal  edge  on  the  silica.  The  edge  lasted  surprisingly  well,  although  the  pressures 
were  quite  considerable. 
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two  and  three  times  as  strong  as  the  others  at  all  temperatures.  Of  the  latter, 
material  "  S  "  seems  to  be  the  weakest  and  material  "  U  "  the  strongest,  although 
"G"  in  the  unheated  state  shows  greater  strength. 

Material  "  U"  (Uiiglazed). — This  material,  though  showing  a  slightly- 
smaller  strength  than  "G"  when  unheated,  shows  an  interesting  behaviour 
on  heating.  It  would  appear  that  the  first  effect  of  heating  is  to  increase  the 
strength  through  some  kind  of  annealing  action.  Thus  after  eight  hours  at 
1 ,124'  a  10  per  cent,  increase  is  shown.  This  action  becomes  much  quicker  at 
a  very  slightly  higher  temperature,  an  increase  of  over  25  per  cent,  being 
shown  after  four  hours'  heating  at  1,188°.  It,  however,  seems  to  be  accom- 
panied by  the  usual  devitrification,  which  increases  with  the  time  during 
which  the  specimen  is  exposed  to  the  high  temperature;  thus  after  eight 
hours  at  1,186°  the  strength  is  not  so  great,  being  only  8  per  cent,  in  excess  of 
that  of  the  virgin  material.! 

Heating  for  a  period  of  four  hours  at  1,275°,  the  devitrification  becomes 
serious  and  the  strength  is  decreased  by  25  per  cent.,  while  four  hours  at  1,353° 
decrease  it  by  36  per  cent. 

Material  "G"  (Glazed). — This  shows  a  greater  average  strength  in  the 
virgin  state  than  "  U  "  or  "  S,"  although  the  material  in  this  condition  seems 


Kilos 

btrength  in  ^,^^. 

Mean  Furnace 

Period  of  Heating. 

Temperature.' 

"U" 

"G" 

••S" 

"T" 

(Unglazed). 

(Glazed). 

(Satin-like). 

(Transparent). 

Unheated 

342 

382 

281 

902 

1,124°  C. 

8  hours 

376 

310 

319 

818 

1,122° 

2i  +  4i  hours 

358 

337 

307 

750 

1,188° 

4  hours 

425 

309 

285 

897 

1,186° 

8      „ 

369 

311 

277 

802 

1,275° 

4      „ 

257 

270 

211 

745      . 

1,353° 

4      „ 

218. 

186 

188 

339 

less  reliable,  as  the  values  obtained  for  /  were  distributed  over  a  wider 
range  and  the  consistency  figure  was  in  consequence  lower.  This  material 
shows  a  continuous  drop  in  strength  when  heated,  but  gives  better  values  for 
consistency  after  heating  than  before.  In  fact,  it  may  be  looked  upon  as  a 
material  which  has  had  its  natural  strength  artificially  increased  by  the  glazing 
process,  its  internal  structure  probably  being  strained  in  some  way.  Probably, 
however,  it  is  released  from  this  condition  when  raised  for  some  time  to  a 
higher  temperature.  The  decrease  after  eight  hours  at  1,124''  is  between  10 
per  cent,  and  20  per  cent.,  while  four  hours  at  1,188°  seem  to  produce  much 
the  same  effect ;  nor  do  eight  hours  at  this  temperature  appear  to  produce 
further  change.  The  probable  explanation  is  that  devitrification  has  scarcely 
assumed  an  important  part,  but  that  the  loss  of  strength  is  due  to  the  relief  of 

*  The  figure  given  in  this  column  is  the  mean  temperature  of  the  furnace  for  the 
period  mentioned,  during  which  it  rarelyvaried  by  5"  C.  from  the  mean.  It  does  not 
take  account  of  the  time  spent  in  heating  up  the  furnace  and  coohng  down.  This 
was  in  all  cases  comparatively  rapid  and  similar  in  each  experiment. 

t  Some  tests  were  made  on  pieces  of  microscope  slide  glass,  some  of  which  were 
annealed  for  a  few  hours  at  temperatures  just  below  their  softening  point.  Their 
strength  was  found  to  have  increased  by  about  25  per  cent.,  although  traces  ot 
devitrification  were  already  showing^ 
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the  strained  state  due  to  the  glazing.  After  heating  for  four  hours  at  1,275°  C., 
however,  a  further  decrease  of  strength  of  30  per  cent,  from  the  virgin  state  is 
shown,  while  four  hours  at  1,353^  reduce  the  strength  by  50  per  cent. 

Malciial  "S"  (Saiin-like). — This  shows  a  low  strength  in  the  unheated 
condition  and  a  slight  increase  of  10  per  cent,  on  heating  for  eight  hours  to 
1,124^.  Four  hours'  he.ating  at  1,188°  are  enough  to  bring  it  back  to  the  original 
value,  while  eight  hours  do  not  seem  to  alter  this  value  appreciably.  In  this 
matter  it  behaves  similarly  to  the  glazed  material.  Four  hours  at  1,275° 
decrease  its  strength  by  25  per  cent.,  while  four  hours  at  1,353°  reduce  it  by 
40  per  cent. 

Material  "T"  (Transparent). — This  material,  showing  a  much  greater 
strength  than  the  other,  also  proved  more  difficult  to  test.  It  showed  a 
decrease  of  strength  of  9  per  cent,  after  heating  for  eight  hours  to  1,124°. 
When  this  was  carried  out  in  two  shorter  periods  a  greater  decrease  was 
shown.  At  1,188"  four  hours'  heating  show  no  change,  while  eight  hours 
reduce  the  strength  b}'  10  per  cent.  These  observations  seem  to  show  that 
although  the  loss  of  strength  is  not  great,  it  is  more  dependent  on  time  than 
on  temperature,  for  in  the  case  where  the  heating  at  1,122°  was  broken  into 
two  periods,  owing  to  the  double  time  taken  in  heating  up  and  cooling,  the 
specimens  were  subjected  to  high  temperatures  for  a  longer  period  than  in 
the  direct  eight  hours'  run.  Four  hours'  heating  at  1,275°,  however,  show  an 
unmistakable  decrease  of  17  per  cent.,  while  four  hours  at  1,353°  show  a 
decrease  of  over  60  per  cent.,  reducing  the  strength  of  the  transparent  silica 
to  only  half  as  much  again  as  that  of  the  other  kinds  tested.  Two  or  three  of 
the  specimens  showed  flat  devitrified  cores  after  heating  to  the  higher  tem- 
peratures. This  was  probably  due  to  the  original  inner  surface  of  the  tube 
from  which  the  specimen  was  made. 

Summary  and  Conclusion. — We  may  summarise  the  more  certain  of  the 
above  results  as  follows  : — 

1.  That  the  transparent  silica  is  at  all  stages  much  stronger  than  the  other 
kinds. 

2.  That  the  glazed  silica  is  slightly  stronger  than  tlie  other  two  kinds  in 
the  virgin  condition,  but  loses  its  advantage  on  heating. 

3.  That  the  satin-like  silica  is  slightly  the  weakest. 

4.  That  the  unglazcd  silica  has  the  property  of  showing  increase  of  strength 
when  heated  to  i,i!<8°  for  four  hours,  but  that  the  process  of  devitrification 
subsequently  overcomes  this. 

5.  That  in  general,  loss  of  strength  hardly  commences  at  1,120°,  at  1,188° 
it  exists  but  is  not  very  serious  even  after  eight  hours,  but  that  four  hours  at 
^■ZST)^  makes  a  reduction  of  40-60  per  cent.,  tims  showing  that  the  rate  of  loss 
of  strength  increases  very  rapidly  as  the  temperature  rises. 

2.    AIlCROSCOPICAL    EXAMIXATIOX. 

Subsequently  to  the  strength  tests  a  microscopical  examination  of  the 
specimens  was  carried  out,  using  polarised  light.  The  specimens  were  pre- 
pared and  examined  in  the  same  way  as  rock  sections,  though  owing  to  the 
transparency  of  the  substance  the  extreme  order  of  thinness  usually  required 
was  not  found  to  be  necessary. 

It  is  not  necessary  in  the  present  paper  to  describe  all  tlie  phenomena 
observed,  which  are  of  greater  interest  to  mineralogists,  but  the  following 
general  conclusions,  which  are  more  or  less  applicable  to  all  types  of  the 
Mlica,  may  be  mentioned.     They  are  :— 

General  Conclusions.— i.  That  except  for  a  few  small  grains  of  quartz  and 
an  occasional  grain  of  carborundum  from  grinding  no  foreign  nuclei  were 

Vol.  VII.     Parts  i  and  2.  tii 
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observed,    and  tliat  the  former  were    onl)-  occasionally  starting-points   for 
crystallisation. 

2.  That  at  the  lower  temperatures  to  which  the  substance  was  heated, 
crystal  growth  was  confined  to  tlie  outer  surface  and  the  walls  of  bubbles, 
especially  of  those  open  at  the  ends  and  near  the  surface  of  the  section. 

3.  That  sometimes  at  1,275°,  '^"d  nearly  always  at  1,353°,  crystals  were 
formed  in  the  ground  mass  and  a  microcrystallinc  structure  developed  in 
some  areas.  It  is  possible  that  this  may  be  partly  attributable  to  some  small 
traces  of  impurity  in  a  state  of  solid  solution.  Silica  "  T  "  did  not  show  this 
apart  from  bubbles. 

4.  That  the  crystals  formed  consisted  of  tridymite. 

5.  That  they  are  very  minute,  but  increase  slightly  in  size  to  about. 1,188°, 
and  then  usually  become  shattered  at  higher  temperatures. 

6.  That  the  changes  in  mechanical  strength  ver)'  closely  follow  the 
crystalline  changes. 

7.  That  the  formation  of  the  crystals  seems  to  be  accelerated  by  contact 
with  the  air  or  in  parts  of  the  specimen  which  may  become  permeable  to  air, 
the  inside  of  the  specimens  usually  being  attacked'  last. 

8.  That  above  the  transition  point  of  vitreous  silica  to  tridymite  the  change 
can  probably  not  be  prevented  entirely. 

It  may  be  mentioned  that  as  far  as  the  work  was  on  the  same  lines  as  that 
of  Day  and  Shepherd  on  the  Lime-Silica  series  of  minerals,  it  was  confirmatory 
■of  their  results.* 

3.  Relative   Coefficients   of   Expansion   of   the   Opaoue   and  Trans- 
parent Varieties  of  Fused  Silica. 

No  investigators  as  yet  appear  to  have  made  experiments  on  the  coefficient 
of  expansion  of  the  opaque  or  translucent  variety  of  fused  silica,  although 
several  have  made  lengthy  experiments  on  that  of  the  transparent  material. 
These  experiments  have  been  summarised  in  a  convenient  form  in  a  paper  by 
Dr.  Kaye.f  who  shows  that  the  best  results  are  now  in  very  good  agreement 
over  the  temperature  range — 200°  to  +  1,400°  C,  and  that  the  coefficient, 
although  verv  small,  may  now  be  taken  as  known  with  considerable 
accuracy. 

To  determine  the  properties  of  the  opaque  variety  approximately  it  is 
therefore  only  necessary  to  compare  it  with  the  transparent  material,  a  far 
easier  matter  than  making  an  absolute  measurement.  An  apparatus  for 
measuring  the  difference  of  expansion  can  be  comparatively  simple,  and 
even  if  errors  of  10  per  cent,  in  this  difference  were  made,  they  are  negligible 
if  the  difference  be  small  compared  with  the  absolute  coefficient  of  expansion. 

The  method  adopted  for  making  the  necessary  measurements  employed  a. 
well-known  optical  device  for  obtaining  high  magnification  of  small  changes 
of  length.  Two  parallel  rods  or  tubes  of  the  material  are  fused  together  at 
one  end.  Their  free  ends  are  furnished  with  parallel  plane  surfaces  between 
which  a  needle  rolls  and  which  are  kept  in  contact  with  the  latter  by 
means  of  a  small  C  spring.  To  the  needle  is  fixed  a  small  mirror  on 
which  falls  a  beam  of  light.  From  the  motion  of  the  reflected  beam 
the  relative  movement  •  of  the  free  ends  can  be  calculated.  By  using  a 
small  needle'  and  a  long  'beam  of  light  a  very  great  magnification 
can  be  obtained,  and  in  the  apparatus  actually  used  in  these  experiments 
a  difference   in   the   lengths  of   the   tubes   of  one   part   in  ten   million   can 

*   Journal  of  the  American  Chemical  Society,  vol.  xxviii. 
t  'Phil.  Mag.,  Oct.,  19^0. 
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be  detected.  The  only  source  of  any  serious  inaccuracy  likely  to  arise  is 
from  the  possible  slipping  of  the  needle,  though  it  is  hoped  that  in  these 
experiments  this  has  been  almost  eliminated."  The  heating  of  the  tubes  was 
carried  out  bv  means  of  a  vertical  nickel-wound  electric  furnace  which  could 
be  lowered  over  the  silica  tubes  without  disturbing  their  adjustment,  suitable 
arrangements  being  made  for  checking  convection  currents  at  the  mouth  of 
the  furnace.  Where  the  tubes  emerge  from  the  furnace  there  is  bound  to  be 
a  considerable  temperature  gradient,  and  any  effects  which  this  might  have 
had  were  compensated  for  by  making  the  inner  tube  composite.  The  upper 
portion,  which  is  entire!}-  inside  the  furnace,  consists  of  transparent 
material,  while  the  lower  portion  which  passes  through  the  furnace  mouth- 
piece is  made  of  the  same  material  as  the  outer  tube.  The  temperature  of  the 
furnace  was  measured  by  means  of  a  single  thermocouple  always  kept  at  a 
fixed  position.  This,  of  course,  only  gives  the  temperature  at  that  point  in 
the  furnace,  and  as  this  varies  somewhat  at  different  levels  an  exploration  of 
the  temperature  distribution  at  different  heights  was  carried  out  at  several 
steady  temperatures.  The  mean  temperature  of  the  tubes  corresponding  to 
a  reading  of  the  tixed  couple  was  thus  deduced. 

Experiments. 

§  3.  In  all,  three  independent  groups  of  experiments  were  made  in 
connection  with  this  research,  each  involving  a  separateh'  prepared 
apparatus. 

The  first  set  of  experiments  were  merely  qualitative,  and  were  made  with 
a  very  simple  apparatus. 

The  second  group  of  experiments  was  made  with  an  apparatus  which 
consisted  of  an  outer  tube  of  opaque  silica,  and  a  rod  of  transparent  silica 
24*3  cm.  long.  This  was  heated  and  cooled  several  times,  and  a  number  of 
measurements  were  made  with  it. 

The  third  group  of  experiments  was  made  with  a  similar  apparatus  which 
consists  of  a  specially  straight  outer  tube  of  opaque  silica  and  an  inner  tube 
of  transparent  material  30  cm.  long,  both  of  which  were  supplied  b)'  the 
Thermal  Syndicate  for  this  purpose. 

This  was  the  apparatus  with  which  most  of  the  experiments  were  made. 

Results. 

§  4.  Both  groups. of  experiments  lead  to  the  same  main  conclusions,  which 
are  as  follows  : — 

(i)  That  the  differences  between  the  coefficients  of  expansion  of  trans- 
parent silica  and  the  opaque  unglazed  material  are  very  small. 

(2)  That  the  opaque  material  has  a  slightly  greater  expansion  than  the 
transparent  up  to  about  500°  C.,and  that  above  that  temperature  the  trans- 
parent silica  expands  most. 

(3)  That  in  both  groups  of  experiments  the  expansion  of  one  or  both 
materials  lags  behind  the  temperature. 

The  transparent  silica  has  the  greater  lag  in  experiments  carried  to  the 
higher  temperature  (above  500°  C),  but  in  one  experiment  where  the  highest 
temperature  was  only  360°  the  reverse  was  found  to  be  the  case. 

(4)  That  on  re-cooling  to  atmospheric  temperature  the  lengths  are  usually 
not  quite  the  same  as  before  heating,  and  that  a  slow  change  of  length  takes 

*  It  was  found  that  by  very  slightly  etching  the  needle  used  in  picric  acid, 
slipping  can  be  almost  entirely  prevented. 
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place  in  one  or  both  materials  for  some  time  afterwards,  though  from  prac- 
tical points  of  view  this  is  too  small  to  be  of  any  moment.  In  view  of  these 
slight  variations  it  was  decided  to  count  all  expansions  from  the  zero  deter- 
mined previous  to  each  experiment. 

A  typical  curve  obtained  during  heating  and  cooling  is  shown  above.  The 
temperature  was  steady  for  15  minutes  during  each  observation  shown  in 
the  grapli. 

Discussion'  ok  Results. 

§  5.  (i)  Taking  the  first  of  these  points,  the  ^rta/es/ difference  in  length 
noted  during  the  period  of  heating  for  a  rise  in  temperature  of  800°  C.  is 
25  parts  in  a  milHon  of  the  total  length,  or  in  other  words,  25  microns  per 
metre.     During  cooling,  owing  to  the  difference  in  Ihe  lag  of  the  two  mate- 


Temperature  Centigrade. 

Relative  Expansion-  of  Opaque  and  Transparent  Silica. 
Typical  Graph. 


rials,  this  becomes  30  microns  per  metre  in  an  extreme  case.  In  most  cases, 
however,  the  differences  are  smaller,  as  shown  in  the  graph.  The  dif- 
ferences are,  in  fact,  very  much  less  than  the  differences  between  the 
absolute  expansions  of  transparent  silica  as  determined  by  any  two  observers 
up  to  date. 

To  view  the  matter  in  another  light  the  difference  of  expansion  between 
platinum  and  lead  glass  at  500°  C,  a  temperature  at  which  they  may  be 
sealed  together,  is  about  150  parts  per  million.  This  may  be  compared 
with  the  maximum  of  25  or  30  parts  per  million  found  between  the  two 
tubes  of  silica  at  800°  C. 

(2)  Taking  the  second  point,  it  is  obvious  from  the  graph  that  for  the  first 
four  or  five  hundred  degrees  the  opaque  silica  expands  most,  and  that  then 
the  position  is  reversed.  From  the  practical  point  of  view  this  hardly  requires 
any  comment  whe'n  the  smallness«fff  the  effects  is  remembered. 
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Also  it  must  be  kept  in  mind  that  the  fact  that  most  of  the  graphs  like 
that  shown  cross  the  zero  line  at  about  500°  C.  does  not  imply  any  actual 
•contraction  of  either  tube,  but  only  that  the  expansions  of  one  or  both  cannot 
be  expressed  by  a  linear  formula. 

^3)  The  fact  that  the  expansion  of  one  or  both  types  lags  slightly  behind 
the  temperature  is  not  in  itself  astonishing,  having  been  noticed  in  many 
substances,  especially  those  of  composite  nature.  Its  actual  magnitude 
cannot  be  determined  from  these  experiments,  all  that  is  indicated  being  the 
difference  of  lag  of  the  two  tubes.  This  lag  has  also  been  noticed  by 
Callendar. 

(4)  Closely  connected  with  the  lag  is  the  slow  relative  change  of  length 
that  appears  to  take  place  after  reaching  atmospheric  temperature.*  This 
also  is  an  effect  found  in  a  large  number  of  substances  such  as  glass,  brass, 
invar,  &c. 

In  some  experiments  made  in  the  metrology  department  of  the  National 
Physical  Laboratory  a  relatively  large  permanent  change  of  length  was  found 
in  a  transparent  rod  after  heating  for  a  few  hours  to  800°  C,  and  a  smaller 
hange  in  an  opaque  rod  after  heating  to  400°  C. 

In  both  cases  the  rod  became  shorter.  From  the  practical  standpoint  the 
changes  were  negligible,  but  were  of  importance  from  the  point  of  view 
of  the  use  of  fused  quartz  as  a  material  for  standards  of  length.  Callendar 
appears,  on  the  contrary,  to  have  found  permanent  elongations  after  heating 
to  1,000°  C,  and  without  further  experience  of  a  larger  range  of  samples  it  is 
difficult  to  express  a  definite  opinion  as  to  the  permanent  changes  of  length 
caused  by  thermal  treatment. 

It  was  found  in  the  present  series  of  experiments  that  tlie  rate  of  change 
of  length  after  cooling  of  the  two  materials  was  different,  and  a  marked 
motion  of  the  needle  took  place  for  several  days.  The  experiments  also 
showed  clearly  that  the  difference  in  this  rate  of  change  is  much  greater 
when  the  maximum  temperature  reached  was  above  500°  C.  than  when 
below  it.  Dr.  Kaye  summarises  the  present  position  with  regard  to  lag  in 
the  paper  already  mentioned. 

It  may  be  taken  that  as  far  as  the  coefficient  of  expansion  is  concerned 
the  differences  between  the  two  classes  of  silica  are  for  practical  purposes 
negligible,  though  from  the  theoretical  standpoint  and  that  of  the  more 
exact  work  required  in  connection  with  standards  of  length  they  may  be  of 
more  importance  and  worthy  of  further  study. 

In  conclusion,  I  wish  to  thank  the  Director,  Dr.  Harker,  and  other 
members  of  the  staff'  of  the  National  Physical  Laboratory  for  their  kindly 
interest,  advice,  and  help  during  the  course  of  the  investigations. 


The  following  contribution  to  the  Discussion,  on  "Stellar  Pyro- 
metry,"  was  made  by  M.  Charles  F^ry  (Paris). 

The  temperature  of  terrestrial  bodies  can  easily  be  measured  nowadays, 
thanks  to  our  knowledge  of  the  laws  of  radiation.  I  have  myself  devised  two 
industrial  apparatus,  by  the  aid  of  which  the  temperatures  of  incandescent 
bodies  can  accurately  be  estimated  at  a  distance.     The  one  of  these  inslru- 

This  change  is  small,  and  may  be  rendered  almost  negligible  by  a  suitable 
heat  treatment. 
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ments  is  based  upon  the  law  of  Stefan/-  the  other  on  the  law  of 
monochromatic  radiations.f 

The  difficulty  is  much  greater  when  the  temperatures  of  stars  are  to  be 
measured.  These  bodies  send  us  so  weak  an  amount  of  energy  that  it  is 
almost  impossible  to  apply  one  of  the  two  just-mentioned  laws. 

I  have  therefore  attempted  to  make  use  of  the  third  radiation  law,  that  of 
Wien,  known  as  the  displacement  law,  which  permits  us  to  operate  with  the 
hial  luminous  energy  received  from  the  star. 

It  was  this  law,  moreover,  which  was  first  emplo\'ed  to  evaluate  the 
temperatures  of  hot  bodies  and  which  has  given  rise  to  the  scale  of  Pouillet, 
according  to  which  the  temperature  .is  measured  by  a  determination  of  the 
colour  tint  :  dark  red,  cherry  red,  bright  red,  orange,  blue,  bright  blue,  &c. 
The  tint  of  the  body  depends  upon  the  position  of  the  maximum  of  luminous 
energy  in  the  spectrum  of  the  luminous  body. 

Principle  ok  the  Method. 

The  star,  observed  through  an  ordmary  telescope,  gives  an  image  whose 
colour  tint  depends  upon  its  temperature.  When  the  colour  of  this  image  is 
compared  with  the  colour  of  a  standard  lamp,  whose  tint  can  be  varied,  we 
make  the  colour  of  the  standard  lamp  the  same  as  that  of  the  star,  and  this 
measurement  of  the  equality  of  tint  will  give  the  temperature. 


F"lG.    I. 


Fig.  I,  a  horizontal  section  of  the  instrument,  will  best  explain  the 
principle  of  the  method. 

L'  is  the  standard  lamp. 

F  the  slit  of  the  spectroscope. 

L  the  lens  of  the  collimator. 

P  the  prism  of  the  direct-vision  spectroscope. 

L.  the  lens  of  the  telescope. 

The  spectrum  formed  by  these  parts  falls  on  the  diaphragm  D,  and  the 
lens  Lj  reunites  the  radiations  and  throws  a  white  image  on  the  mirror  G. 
This  image  is  reflected  into  the  eyepiece  of  the  astronomical  telescope  T, 
through  which  the  star  ds  being  observed ;  the  image  of  the  star  appears 
also  on  the  mirror  G.  The  mirror  is  dotted  with  little  specks  of  metallic 
silver  which  suggest  the  appearance  of  an  "artificial  star-covered  sky." 

*  "The  Measurement  of  High  Temperatures  and  the  Law  of  Stefan,"  Cow/to 
Reiidiis  Acad.  Sci.,  April,  1902. 

i  "Temperature  of  the  Electric  Arc,"  Coinptes  Reiidus  Acad.  Sci.,  May,  1902- 
See  also  Societe  de  Pfiynqiie  Fraiifaist^lvLich- 18,  1904. 
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The  eye  sees,  therefore,  the  image  of  the  star  in  the  middle  of  an  artificial 
sky,  all  the  stars  of  which  have  the  same  tint,  which  facilitates  the  comparison. 

The  variation  of  the  tint  of  the  artificial  stars  is  effected  with  the  aid  of 
the  diaphragm,  detiiil  of  which  is  shown  in  Fig.  2. 


Fig.  2. 

This  diaphragm  consists  of  a  fixed  stop  V  and  a  movable  stop  V  ;  the 
latter  is  semicircular  and  can  be  turned  about  the  centre  A. 

The  spectrum,  whose  height  is  more  than  twice  the  distance  h^,  falls 
horizontally  on  this  diaphragm. 

When  the  two  edges  of  V  and  V  are  parallel  to  one  another,  the  relative 
intensities  of  the  elementary  radiations  will  be  the  same  as  in  the  light  given 
bv  the  lamp  before  it  entered  the  prism  ;  and  the  tint  of  the  artificial  stars 
will  also  be  the  same  as  that  of  the  standard  lamp. 

When,  however,  the  stop  V  is  turned  as  indicated  in  the  diagram,  the  red 
portion  of  the  spectrum  will  be  increased,  and  the  blue  will  be  decreased, 
and  the  tint  will  be  that  of  a  less  hot  body.  By  turning  V  in  the  opposite 
direction  so  as  to  make  the  blue  predominate,  the  tint  of  a  hotter  body  will  be 
produced. 

In  reality  then  this  S3'stem  enables  the  observer  to  displace  the  maximum  of 
the  radiation  which  falls  on  the  mirror  G. 

In  standardising  this  "  stellar  pyrometer,"  the  instrument  is  first  sighted 
on  an  electric  furnace,  then  on  an  arc  (3,500°  C),  then  on  the  sun  (6,500^  C,  star 
of  the  second  magnitude).     The  curve  thus  obtained  is  extrapolated. 

This  is  the  principle  of  the  apparatus,  which  I  have  had  constructed  and 
which  I  am  going  to  use  for  the  measurement  of  the  temperatures  of  stars. 


The  following  communication  to  the  Discussion  on  "  Methods 
of  Maintaining  Constant  Higher  Temperatures"  was  sent  by 
Dr.  Max  Bodenstein  (Hanover). 

In  order  to  obtain  constant  temperatures  above  the  boiling-point  of  water, 
three  general  methods  are  in  use  :"  a  suitable  substance  is  made  to  boil,  in 
which  case  the  vapour  in  equilibrium  with  the  liquid  constitutes  a  medium  of 
constant  temperature  ;  or  a  bath  is  heated,  which  is  provided  with  a  regulator 
capable  of  cutting  off  the  supply  of  heat  as  soon  as  the  desired  temperature  is 
reached  ;  or  heat  is  supplied  continuously  in  a  constant  measure  to  a  chamber, 
which  loses  it  in  a  manner  equally  constant  through  radiation  and  convection. 

These  three  methods  have  been  employed  so  frequently  and  are  in  daily 
use  in  such  various  modifications,  that  it   seems  iippossible  to  discuss  them 
fully.     For   this   reason   I    sliall  give   merely  a   short  account  of   my  own 
observations  collected  during  a  laboratory  experience  of  twenty  years. 
•  See  generally  Zeits.physik.  C/;c»;.,  30,  114,  1900. 
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The  use  of  boiling  liquids  is  very  convenient/-  The  inability  to  obtain 
thereby  any  desired  temperature — at  least  without  complications — is  not  a 
very  serious  drawback,  for  it  is  rarely  necessary  to  conduct  an  experiment  at 
just  one  particular  temperature.  Of  greater  consequence  is  the  fact  that 
suitable  substances  are  at  our  disposal  for  a  moderate  range  of  temperatures 
only.  Thus  above  500°  we  are  confined  to  cither  cadmium  or  zinc,  and  even 
they  demand  a  special  apparatus. 

In  general  it  may  be  said  that  this  method  readily  yields  a  uniformity  of 
temperature  over  a  comparatively  large  volume.  This  is  done  by  conducting 
the  fuel  gases  around  the  cylindrical  vapour  bath  in  such  a  way  that  rising 
vapours  are  constantly  kept  in  contact  with  condensed  liquid,  thus  excluding 
superheating. 

On  the  other  hand,  the  constancy  of  temperature  for  longer  periods  of 
time  is  less  satisfactory.  The  boiling-point  varies  within  several  degrees  with 
changes  of  barometric  pressure.  For  accurate  work  such  variations  cannot 
be  neglected,  but  they  may  be  eliminated  by  simple  means.  The  vapour 
bath  is  closed  with  an  air-tight  stopper,  and  the  changes  of  atmospheric  pres- 
sure are  compensated  by  addition  or  by  removal  of  small  quantities  of  air. 
This  arrangement  gives  such  a  high  degree  of  constancy,  that  even  a  thermo- 
meter of  the  very  highest  sensitiveness  (for  instance,  chemical  reactions 
velocity)  shows  no  appreciable  deviations.! 

Boiling  liquids  therefore  furnish  a  convenient  means  of  keeping  tempera- 
tures quite  well  defined  with  regard  to  space  and  time,  for  periods  not 
exceeding  one  or  two  weeks. 

The  second  class  of  thermostats,  those  controlled  by  a  thermo-regulator,  are 
more  exact  and  more  permanent,  but  the  required  apparatus  is  far  more  com- 
plicated, at  least  as  soon  as  the  desired  temperature  exceeds  considerably  that 
of  boiling  water.  The  reason  for  this  does  not  lie  in  the  difficulty  of  con- 
structing a  suitable  regulator,  but  rather  in  the  lack  of  a  substance  which 
combines  all  the  properties  required  of  such  a  bath.  The  substance  should 
evidently  remain  liquid  at  room  temperature,  it  should  not  vaporise  nor  give 
off  fumes  at  the  temperature  in  question,  and  should  not  attack  the  walls  of 
the  containing  vessel. 

None  of  the  substances  in  use  answers  all  of  these  requirements.  Aqueous 
solutions  of  salts  attack  the  walls  of  the  vessels  on  account  of  hydrolysis,  not 
to  mention  the  fact  that  but  slight  elevations  of  temperature  above  100°  C. 
are  thus  attainable.  Oils,  convenient  in  every  other  respect,  are  apt  to  give 
off  odours  at  about  200°.  Fused  salts  on  solidifying  break  the  immersed 
apparatus,  and  even  the  lowest  melting  mixture  of  the  nitrates  of  potassium, 
sodium  and  lithium  is  no  exception  to  this.  Finally,  in  fused  metals  a  further 
disadvantage  arises  from  the  buoyancy,  which  puts  the  immersed  vessels 
under  great  mechanical  stress. 

For  moderately  high  temperatures  these  difficulties  may  be  obviated  by 
enclosing  the  oil  or  paraffin  in  an  iron  vessel  communicating  with  the  air 
through  a  single  tube,  through  which  the  stirrer  passes  and  which  serves  as 
a  kind  of  reflux  cooler.  A  number  of  iron  tubes,  closed  at  the  lower  end,  are 
let  in  through  the  cover  of  the  oil  bath,  forming  air  baths  of  considerable 
capacity  and  excellent  uniformit}'  of  temperature. 

The  constancy  of  temperature  depends,  of  course,  entirely  on  the  thermo- 
regulator.  A  very  satisfactory  apparatus  of  this  kind  may  be  made  from  a 
long  thin-walled  steel  spiral  filled  with  mercury,  through  the  expansion  of 
which  the  gas  supply  is  regulated,  either  directly  or  indirectly,  by  means  of  an 

*  Zciti.  phvsik.  Clicm.,20,  Ii6,  1900. 
t  Ibid.,  57",  i^,  1906. 
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electrical  contact.  With  a  little  care  both  methods,  and  especially  the 
latter,  permit  the  mainten:ince  of  temperatnres  up  to  350°  within  0-05='  for 
several  months."'  f 

For  still  higher  temperatures  liquid  baths  are  very  unsatisfactory,  thus 
leaving  air  baths  only,  which  are  heated  almost  entirely  according  to  the  third 
method.  Heat  is  supplied  in  as  nearly  a  constant  manner  as  possible,  while 
an  equally  constant  amount  of  heat  is  given  off.  Formerly  the  heating  was 
done  exclusively  with  gas,  but  to-day  almost  entirely  with  electric  current, 
at  least  whenever  anv  demands  are  made  on  the  constancy  of  temperature. 

A  difficulty  with  these  air  baths,  however,  lies  in  the  lack  of  uniformity  of 
temperature.  If  gas  is  employed,  much  may  be  done  by  proper  conduction 
of  the  fuel  gases.  But  even  then  larger  pieces  of  apparatus  may  easily  show 
inequalities  amounting  to  several  degrees. 

The  best  results  are  obtained  with  electrical  heating.  For  this  purpose 
either  a  strong  current  of  low  potential  is  sent  longitudinally  through  a 
conducting  tube,  or  a  weaker  current  with  higher  voltage  is  made  to  pass 
through  a  spiral  of  wire  or  foil  wound  round  a  tube  of  insulating  material. 
For  the  sake  of  economy  the  tube  is  almost  surrounded  with  poor  conductors 
of  heat.  Since  the  loss  of  heat  is  greatest  at  the  ends,  the  temperatures  thus 
obtained  are  always  considerably  higher  in  the  middle  than  at  the  ends. 

This  cannot  be  avoided  with  electrical  furnaces,  which  are  traversed 
longitudinally.  A  small  middle  section,  however,  may  be  kept  at  a  uniform 
temperature  in  comparatively  long  tubes,  especially  at  white  heat,  on  account 
of  the  greater  equalisation  through  increased  radiation. 

In  furnaces  of  the  second  class  the  temperature  of  the  middle  third  or 
fourth  of  the  tube  may  be  kept  uniform  by  the  following  device.  The  spiral  is 
wound  more  closely  at  the  ends  than  towards  the  middle,  the  tube  is  not  made 
of  porcelain,  but  of  some  metal  of  considerable  thickness  for  the  sake  of  better 
heat  conductivity  (of  course  properly  insulated  electrically),  and  the  heat 
insulation  is  made  less  thorough  in  the  middle  than  at  the  ends.]:  This 
method,  in  the  hands  of  an  experienced  worker,  may  yield  very  satisfactory 
results,  but  the  same  may  be  obtained  more  easily  by  placing  in  front  of  the 
■ends  of  the  tube  additional  resistances,  such  as  porcelain  or  magnesia  plates 
wound  with  platinum  wires  and  heated  by  a  separate  current  regulated 
according  to  needs.? 

In  this  way  a  furnace,  whose  external  dimensions  are  20  x  20  x  50  cm., 
will  heat  a  chamber  of  20  cm.  in  length  and  6  cm.  in  diameter  to  temperatures 
uniform  within  less  tlian  one  degree,  the  consumption  of  energy  being  very 
moderate. 

The  uniformity  of  temperature  is  all  that  can  be  expected,  but  constancy 
without  the  regulator  can  only  be  satisfactory  if  both  the  input  of  energy 
and  the  output  remain  perfectly  constant.  The  latter  is  proportional  to  the 
temperature  difference  between  the  furnace  and  the  room.  If  the  room 
varies  within  normal  limits,  the  variations  of  the  difference  will  grow  rela- 
tively smaller  the  higher  the  temperature  of  the  furnace.  In  case  the 
temperature  of  the  room  does  not  vary  extraordinarily  the  furnace  may  be  kept 
constant  within  3^,  provided  the  energy  which  heats  the  system  remains 
constant. 

This  is  not  always  easy  to  accomplish.     Willi  a  storage  battery  of  suffi- 

•  Zeiis.  physik.  CItem.,  30,  119,  1900. 

t  Ibid.,  60,  3,  1907.  This  thermostat  has  recently  been  improved  materially  by 
copper  plating  electrically  the  walls  of  the  relaininji;  vessel,  thus  preventing  even 
traces  of  paraffin  from  oozing  out  through  the  walls. 

J  Zcits.f.  Elcktrochem.,  17,  912,  1910. 

§  Ibid.,  17,  961,  1910. 
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ciently  high  capacity,  heating  a  single  furnace,  an  occasional  regulation  of  the 
current  will  suffice.  But  usually  the  voltage  of  the  line  varies  lo  per  cent,  or 
more.  Such  fluctuations  necessitate  either  laborious  permanent  observation 
and  regulation  by  hand,  or  a  somewhat  complicated  voltage  regulator  '■^'-  or  the 
rather  wasteful  iron-wire  resistances  as  used  in  Xernst  lamps.f 

For  most  purposes  it  is  thus  possible  to  maintain  sufficiently  constant 
temperatures,  at  least  above  800°.  But  even  here  a  thermo-regulator  would 
be  very  desirable,  while  for  lower  temptTatures  it  is  nearly  unavoidable. 
For  this  reason  some  experiments  liave  been  made  in  this  laboratory  for  the 
construction  of  such  an  apparatus. 

The  expansion  of  a  confined  volume  of  air  or  nitrogen  moves  a.  small 
amount  of  mercury,  which,  with  the  help  of  an  electric  relay,  opens  and  shuts 
a  secondary  current,  analogous  to  the  secondary  gas  supply  in  the  ordinary 
thermostat  heated  with  gas.  Of  course  the  expansion  of  the  air  must  not 
work  against  the  atmospheric  pressure,  since  the  changes  of  the  barometer 
would  enter  in,  but  rather  against  some  other  confined  gas  kept  at  constant 
temperature  ;  for  instance,  by  means  of  melting  "ice  in  a  Dewar  bottle. 

At  first  the  expansion  vessel  was  placed  inside  the  furnace.  But  it  was 
soon  found  that  it  follows  the  variations  of  temperature  too  slowly,  thereby 
causing  oscillations  of  temperature  between  extremely  large  limits.  In  a 
second  device  the  heating  spiral  of  the  furnace  was  placed  directly  inside  the 
expansion  vessel.  This  was  done  by  surrounding  the  inner  tube  of  the  furnace 
by  an  iron  tube  of  larger  diameter.  By  welding  the  ends  together  an  air 
chamber  is  formed,  which  contains  the  resistance  spiral  and  serves  simulta- 
neouslv  as  expansion  vessel.  This  arrangement  works  satisfactorily,  but  its 
construction  is  too  complicated,  especially  since  the  resistance  spiral  lasts  but 
a  moderate  time  and  after  breaking  necessitates  a  complete  reconstruction  of 
the  apparatus. 

Lately  we  have  tried  a  third  method  in  which  a  spiral  lies  in  a  closed  iron 
vessel,  which  serves  as  regulator.  The  whole  is  packed  in  a  box  of  non- 
conducting material  in  the  same  way  as  the  furnace  itself.  The  spiral  of  the 
regulator  and  that  of  the  furnace  are  heated  b}'  means  of  two  moderately 
strong  currents,  upon  which  two  independent  currents  are  superimposed 
simultaneously,  whenever  the  contact  of  the  regulator  is  closed.  The 
regulator  thus  assumes  a  constant  temperature,  which  of  course  differs  from 
that  of  the  furnace,  but  is  independent  of  the  fluctuations  of  the  voltage  and 
of  the  room  temperature,  and  the  same  holds  true  for  the  furnace.  The 
temperature  of  the  latter  would  thus  be  exposed  merely  to  such  changes  as 
are  caused  by  possible  heat  generation  due  to  chemical  reactions  in  question. 
But  at  the  utmost  this  is  very  slight  and  may  be  neglected  entirely. 

This  thermo-regulator  has  not  been  tested  thoroughly  as  yet,  but  there  is 
no  doubt  that  it  will  work  as  expected.  We  will  then  be  able  to  maintain 
temperatures  up  to  1,500°  for  such  lengths  of  time  as  the  material  of  the 
furnaces  will  permit. 

The  subject  was  then  thrown  open  for  general  discussion. 

^DISCUSSION. 

Professor  A.  K.  Huntington  regretted  he  had  not  had  an  opportunity 
of  studying  the  Papers  before  the  meeting.  With  regard  to  Mr.  Greenwood's 
very  valuable  Paper  on  "  The  Boiling-Points  of  Metals,"  he  might  remark 
that   this  was  a  subject  in  which  he  was   much  interested,  seeing   that  as 

•  X).  Hahn,  Zcits.  fitysik.  Chew.,  43,  530,  1903. 
t  Zcits.  f.  Elcktroclicm.,  12,  375,  1905. 
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far  back  as  1S84  he  had,  in  conjunction  with  the  late  Sir  William  Siemens^ 
volatilised  several  pounds  of  copper  in  the  tirst  practical  electric  furnace  that 
had  ever  been  built,  without  those  in  the  laboratory  being  aware  of  it  ! 

Referring  to  Dr.  Day's  Paper,  he  thought  a  distinction  ought  to  be  drawn 
between  the  diffusion  of  gas  through  metal  and  through  porcelain.  The  two 
phenomena  were  quite  different  in  kind.  In  the  case  of  porcelain  it  was 
merelv  a  matter  of  porosity,  i.e.,  mechanical ;  whereas  diffusion  througli  metal, 
he  thought,  might  be  molecular  and  depend  on  an  affmity  between  the  metal 
and  the  gas  if  the  latter  was  unsaturated.  Looking  at  the  matter  from  this 
point  of  view,  he  was  surprised  to  learn  from  Dr.  Day  (p.  140)  that  CO  and 
CO2  behaved  in  the  same  way  up  to  1,000°  C,  unless  diffusion  through 
porcelain  alone  was  referred  to  in  this  connection. 

Dr.  T.  M.  Lowry  said  that  it  was  evident  that  diatomic  gases  such  as 
hydrogen  and  nitrogen  could  not  be  used  as  thermometric  standards  over  an 
indefinite  range,  since  sooner  or  later  a  point  must  be  reached  at  which  dis- 
sociation would  set  in  and  destroy  the  value  of  these  gases  as  gauges  of  tem- 
perature on  the  absolute  scale.  The  ultimate  standards  must  obviously  be  the 
monatomic  gases.  Helium  had  already  proved  itself  to  be  the  most  suitable 
of  all  gases  for  use  at  the  lower  ranges  of  temperature,  but  was  too  easily 
diffusible  for  use  at  high  temperatures,  when  argon  would  probably  be  the 
best  gas  to  use.  By  means  of  helium  and  argon  it  would  be  possible  to  cover 
the  whole  range  of  temperatures  within  which  gas-thermomctry  might  be 
possible  either  now  or  in  the  future. 

Dr.  Lowry  also  asked  what  was  the  meaning  of  tlic  "black-body  tem- 
perature "  for  the  melting-point  of  platinum,  which  differed  so  widely  from 
tlie  melting-points  that  had  recently  been  quoted. 

Dr.  J.  A.  Marker,  commenting  on  Dr.  Day's  Paper,  remarked  on  the 
many  things  of  great  interest  to  be  found  in  the  Paper.  He  agreed  with 
Dr.  Lowry  as  to  the  undesirability  of  having  a  discontinuous  gas  scale,  but 
probably  it  would  be  found  necessary  to  give  up  the  use  of  nitrogen  at  very 
high  temperatures,  as  the  gas  was  certainly  not  inactive  in  the  electric  furnace 
Helium  was  quite  impracticable.  Argon,  of  which  there  was  no  difficulty  in 
getting  a  good  supply,  was  hopeful  if  one  could  find  a  suitable  containing 
material. 

A  material  to  be  of  any  use  for  this  purpose  would  have  to  be  made  into 
coherent  vessels  and  fritted  at  about  2,000°  C,  so  that  no  further  change 
would  take  place  at  temperatures  in  the  neighbourhood  of  the  platinum 
melting-point. 

Dr.  Day  referred  to  the  fact  that  the  measurements  of  Chappuis  and 
Harker  were  only  carried  to  about  600°  C.  The  speaker  reminded  Dr.  Day 
that  the  first  time  the  Sevres  gas  thermometer  had  been  used  even  thus  far 
was  in  the  course  of  the  research  in  question.  He  agreed  with  Dr.  Day  in 
deploring  that  the  magnificent  instruments  at  Sevres  could  not  be  used  for 
further  work  on  the  subject,  and  that  no  second  Chappuis  appeared  to  con- 
tinue the  work  there. 

Mr.  R.  S.  "Whipple  :  It  is  with  great  pleasure  that  I  recall  my  visit  in 
1906  to  Dr.  Day's  laboratory  in  Washington,  where  he  showed  me  his  gas 
thermometer  and  other  pyrometric  apparatus.  I  should  like  to  congratulate 
Dr.  Day  upon  the  accuracy  he  has  now  been  able  to  obtain  with  the  gas 
thermometer  at  extremely  high  temperatures.  Dr.  Harker  mentioned  the 
difficulty  he  was  experiencing  in  rendering  gas-tight  the  thermometer  bulbs 
made  out  of  the  rare  earths,  and  I  should  like  to  suggest  to  him  that  he  adopts 
the  ingenious  method  of  Dr.  Day,  in  which  he  maintains  throughout  the  whole 
of  his  experiments  an  external  pressure  equal  to  the  internal  pressure  of  the 
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gas  inside  the  bulb,  thus  tending  to  prevent  diffusion  through  the  walls  of 
the  thermometer  bulb. 

Dr.  Day  mentioned  the  work  of  Professor  Barus.  I  have  recently  obtained 
a  copy  of  Professor  Barus's  book  and  have  been  much  impressed  with  the 
accuracy  of  this  work,  which,  unfortunately,  is  not  well  known.  It  is  another 
■example  of  first-class  work  being  buried  in  a  Government  publication. 

Speaking  as  a  manufacturer,  I  should  like  to  express  the  debt  we  all  owe 
to  the  National  Physical  Laboratory.  The  work  of  the  laboratory  has 
enormously  simplified  the  manufacture  of  pyrometic  apparatus  in  Great 
Britain.  The  laboratory,  in  conjunction  with  Messrs.  Johnson,  Matthey 
and  Co.,  have  prepared  standard  ingots  from  which  thermo-couple  wire 
can  be  obtained  without  difficulty. 

The  majority  of  the  manufacturers  now  obtain  their  "c"  coefficient  in  the 
Callendar  formula  for  resistance  thermometers  from  the  National  Physical 
Laboratory,  and  we  are  all  becpming  dependent  on  them  for  our  high-tem- 
perature standards.  This  has  only  been  made  feasible  during  the  last  few 
years,  and  I  think  it  is  only  right  to  express  the  deist  that  manufacturers  owe 
to  Dr.  Glazebrook  and  Dr.  Harker  in  particular  for  their  help. 

The  Chairman,  in  bringing  the  meeting  to  a  close,  said  he  wished  to 
express,  in  the  name  of  the  Society,  their  ver\'  hearty  vote  of  thanks  to  Dr. 
Day  for  the  trouble  he  had  taken  in  preparing  the  Paper  and  for  coming 
across  the  Atlantic  to  give  it  to  them.  He  highly  appreciated  the  valuable 
work  going  on  under  Dr.  Day  at  the  Geophysical  Laboratory,  Washington. 
He  had  followed  the  progress  of  gas  thermometry  for  ten  or  twelve  years, 
and  realised  the  enormous  importance  of  all  classes  of  gas-thermometry 
work. 

With  reference  to  Dr.  Day's  statement  that  there  were  only  two  or  three 
gas  thermometers  in  the  world,  he  would  like  to  point  out  that  he  had  himself 
instructed  several  hundred  men  in  the  use  of  gas  thermometers,  and  if  Dr. 
Day  would  pay  a  visit  to  the  Cavendish  Laboratory  at  Cambridge  he  would 
see  man)'  of  them  at  work.  But,  of  course,  he  understood  that  Dr.  Day  had 
in  his  mind  high-temperature  gas  thermometers,  whereas  he  only  referred  \o 
those  measuring  up  to  100°. 

The  story  of  the  manufacturer  who  asked  him  to  quote  for  one  dozen  gas 
thermometers  reminded  him  of  the  fact  that  Sir  Andrew  Noble's  gift  to  the 
National  Physical  Laboratory  of  their  gas-thermometry  equipment  arose  out 
of  a  statement  made  to  him  when  visiting  the  Reichsanstalt,  to  the  effect  that 
there  were  practically  no  gas  thermometers  to  be  found  anywhere.  Sir 
Andrew  thought  it  a  great  pity  that  the  laboratory  should  be  without  one, 
and  this  was  the  commencement  of  Dr.  Harker's  work  there. 

He  begged  formally  to  ask  the  meeting  to  accord  their  very  hearty  vote  of 
thanks  to  all  those  who  had  contributed  to  the  discussion  and  in  particular  to 
Dr.  Day,  to  whom  they  were  much  indebted  for  a  very  interesting  evening. 

Dr.  Arthur  L.  Day,  in  reply,  said  he  was  very  grateful  to  the  Chair- 
man for  the  complimentary  reference  to  his  work.  He  explained,  in  regard 
to  his  remarks  about  the  limited  number  of  gas  thermometers  in  use,  that 
in  his  paper  he  had  dealt  almost  exclusively  with  temperatures  above  1000°  ; 
there  were  very  few  gas  thermctmeters  in  existence  for  the  accurate  measure- 
ment of  these  temperatures.  He  quite  agreed  with  Dr.  Harker  and  Dr. 
Lowry  about  the  desirabiHty  of  replacing  nitrogen  with  some  other  gas  for 
the  measurement  of  extreme  temperatures,  but  that  it  had  proved  very 
difficult  to  find  a  suitable  containing  vessel.  He  had  tried  bulbs  of  refractory 
oxides  (Dr.  Harker's  suggestion)  of  various  kinds  some  years  ago  with  most 
unsatisfactory  resufts.     Refractory*^orcelains,  for  example,  did  not  return  to 


HIGH-TEMPERATURE   WORK  173 

their  initial  zero  witliin  4'  after  licating  to  1000^  or  above.  This  order  of 
accuracy  would  not  be  accepted  to-day. 

He  explained,  with  regard  to  the  distribution  of  heat  about  the  bulb,  that 
if  the  temperature  over  its  surface  were  allowed  to  vary  by  so  much  as  60°, 
it  was  quite  impossible  to  say  what  would  be  the  temperature  of  the  gas 
within.  It  was  therefore  of  the  utmost  importance  to  reduce  inequalities 
of  temperature  on  the  surface  of  the  bulb  to  the  lowest  practicable  minimum. 
In  the  measurements  at  Washington  these  differences  were  not  allowed  to 
exceed  2°. 

Dr.  Day  explained  that  neither  CO  nor  CO,  would  be  suitable  gases 
for  use  in  gas  thermometry  at  high  temperatures  for  obvious  reasons  ;  that, 
with  other  gases,  their  expansion  had  been  studied  by  Jaquerod  and  Perrot 
up  to  the  temperature  of  melting  gold,  and  that  their  behaviour  had  proved 
normal  within  this  temperature  limit. 

In  reply  to  Dr.  Marker's  suggestion  that  gas  thermometry  must  ultimately 
reach  2500°,  Dr.  Day  said  that  this  would  not  be  practicable  without  radical 
changes  in  the  present  equipment.  The  only  bulb  material  which  had  been 
discovered  in  nearly  a  century  of  investigation  with  which  measurements  of 
high  accuracy  at  temperatures  much  above  1000°  could  be  made  w-as 
platinum  strengthened  with  a  small  percentage  of  iridium  or  rhodium. 
This  material,  platinum,  was  practically  limited  to  the  range  of  the  present 
measurements  (to  1600°).  Platinum  melts  at  1755°,  and  its  alloys  but  little 
higher.  Moreover,  such  vessels  could  hardly  be  expected  to  remain  volume- 
constant  up  to  their  melting  point.  Dr.  Day  was  of  the  opinion  that  tungsten 
would  be  better  worth  experimentmg  upon  than  the  refractory  oxides  at 
2500°.  He  doubted  whether  the  latter  would  prove  gas-tight,  constant  in 
their  expansion,  or  chemically  and  physically  inert  with  respect  to  the 
expanding  gas. 

The  Paper  contributed  to  the  Disciissio}i  by  Dr.  J.  A.  Harker, 
F.R.S.,  on  "  The  High  Temperature  Equip7)ie)it  of  the  National 
Physical  Laboratory','  zvill  appear  in  the  next  issue  of  TRANSAC- 
TIONS, Vol.  VII.,  Part  3. 
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Hypochlorite  und  Elektrische  Bleiche.  Monographien  ueber 
angcwandte  Elektrocliemie.  By  W.  Ebekt  and  Josef  Nussbaum. 
(Pp.  xii  +  367.     Wilhelm   Knapp,  Halle,  igio.     Price  18  marks.) 

The  production  of  hypochlorite  and  of  electrolytic  bleach  is  one  of  the 
most  important  of  electrochemical  industries.  When  prepared  in  situ  electro- 
lytic bleach  is  found  to  give  much  better  results  than  bleach  prepared  for 
bleaching  powder.  It  is  perhaps  not  quite  so  cheap,  but  it  is  much  cleaner 
in  use,  there  is  no  solid  material  left  on  the  fabric  and  no  sludgy  refuse  to  be 
poured  down  the  drains  or  got  rid  of  in  other  ways. 

Electrolytic  bleach  is  more  generally  used  in  Germany  than  it  is  in  this 
country,  but  here  its  employment  is  continually  on  the  increase. 

This  volume  of  the  monographs  on  Applied  Electrochemistry  is  exceed- 
ingly well  written  and  very  complete.  Beside  367  pages  of  print  there  are 
54  excellent  diagrams  explanatory  of  the  apparatus  employed  in  the  various 
processes.  Although  two  other  volumes  dealing  with  the  production  of 
hypochlorites  clectrolytically  have  been  published  in  this  series  of  monographs, 
this  one  is  not  superfiuous.  It  is  practically  an  extension  of  the  scope  of  the 
other  two,  and  also  brings  the  subject  right  up  to  date. 

After  the  brief  introduction  the  authors  commence  with  the  description  of 
some  of  the  necessary  apparatus,  electrical  and  otherwise,  which  are  required 
in  connection  with  the  manufacture  of  electrolytic  bleach.  They  then  turn 
to  a  consideration  of  the  reactions  which  take  place,  those  which  are  important 
to  the  good  working  of  the  process  and  those  which  are  harmful.  For 
example,  the  anode  and  cathode  reactions  ace  described  in  detail.  This 
naturally  necessitates  a  discussion  as  to  the  most  satisfactory  concentration  of 
salt  for  the  bath,  the  temperature  at  which  the  analysis  should  be  conducted, 
and  so  on.  There  is  also  the  question  of  loss  by  reduction  at  the  cathode,  or 
by  oxidation  being  carried  too  far  and  the  evolution  of  chlorine  at  the  anode. 

There  are  only  four  chapters  in  the  book,  simply  because  the  treatment  of 
the  subject  is  divided  into  four  parts.  Chapter  III.  is  one  of  the  most 
important  because  it  deals  with  the  preparation  of  the  salt  solution,  tJie 
maintaining  of  the  correct  saturation,  the  general  working  of  the  electrolysis, 
the  cleaning  of  the  apparatus,  and  so  on. 

The  book  is  one  of  great  value,  it  gives  us  much  pleasure  in  congratulating 
the  authors  upon  the  very  careful  manner  in  which  they  have  gathered 
together  their  information.  It  must  be  said,  however,  that  we  regret 
extremely  that  so  little  of  the  pioneering  and  important  work  has  been  carried 
out  in  England.  We  consider  England  to  have  been  the  birthplace  of 
Electrochemistry,  why  then  should  she  be  so  zuruckhallend  when  the  subject 
is  becoming  of  world-wide  importance  ? 

The  Phase  Rule  and  its  Applications.  By  Alex.  Fixdl.a.y,  M.A., 
Ph.D.,  D.Sc.  Third  Edition.  (Pp.  xvi  -\-  356.  Longmans,  Green  and 
Co.,  191 1.     Price  5s.) 

Findlay's  "Phase  Rule"  is  the  first  of  the  series  of  "Text-books  of 
Physical  Chemistry"  to  pass  into  a  Third  Edition.  This  alone  is  a  sufficient 
tribute  to  its  excellence  and  value  ;  and  by  the  incorporation  of  new  material 
in  each  successive  edition  it  fias  been  kept  fully  up  to  date.  The  chief 
criticism  that  may  be  made  in  reference  to  its  contents  is  the  scantiness  of 
the  illustrations  drawn  from  cases  which  would  be  of  interest  to  engineers  as 
well  as  to  chemists ;  this  criticism,  however,  is  of  less  weight  since  the 
appearance  of  a  recent  addition  to  the  series,  Desch's  "  Metallograph}',"  in 
which  these  cases  are  considered«?eparately. 
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The  Chemistry  and  Testing  of  Cement.     By  Dr.  Cecil  H.  Desch 
(Vp.  X  +  2bj.     Kdwiiid  .Vrnold,   London,   191 1.     Price,  los.  6d.) 

The  manufacture  of  cements  is  one  of  the  most  important  in  the  world. 
From  the  earliest  historical  times  cements  have  been  employed,  mostly  of 
the  calcareous  kind.  With  the  huge  deyelopment  of  modern  engineering 
practice  new  outlets  for  the  products  of  the  cement  manufacturer  have  been 
found,  and  step  by  step  with  the  new  requirements  the  methods  of  manufac- 
ture have  improved,  and  gradually  new  forms  of  cement  have  been  introduced 
to  fill  the  requirements  of  special  work. 

It  was  more  the  engineer  than  the  chemist  who  in  the  first  place  was 
concerned  with  the  manufacture  of  cement,  but  as  time  went  on  the  necessity 
for  the  chemist  became  apparent.  Mechanical  tests  are  still  and  will  always 
be  required,  but  chemical  tests  and  chemical  investigation  are  also  needed. 

The  problems  met  by  the  chemist  are  of  a  most  difficult  and  frequently 
obscure  nature.  In  the  book  before  us  Dr.  Desch  draws  attention  almost 
entirely  to  the  chemical  aspect  of  the  subject,  and  does  so  in  a  clear  and 
masterh-  manner.  It  is  also  due  to  the  publishers  to  say  that  the  book  is  well 
printed  and  got  up. 

The  first  chapter  deals  with  the  history  of  calcareous  cements,  and  we  get 
a  quotation  from  the  ubiquitous  Pliny  describing  the  construction  of  cement 
cisterns,  which  he  says  should  be  made  of  pure  gravelly  sand,  two  parts  of 
the  very  strongest  quicklime  and  fragments  of  silex  not  exceeding  a  pound 
each  in  weight.  The  ne.xt  chapter  is  devoted  to  the  raw  materials  and  the 
processes  of  manufacture  of  cements.  The  importance  of  the  material  for 
lining  the  kiln  is  drawn  attention  to.  Ordinary  siliceous  firebrick  not  being 
satisfactory  owing  to  its  tendency  to  react  with  the  basic  clinker,  indeed  the 
question  of  a  suitable  lining  was  one  of  the  greatest  difliculties  met  with 
when  the  rotary  kiln,  now  so  much  met  with,  was  first  introduced  into  the 
cement  industry.  Chapter  IV.,  "The  Constitution  of  Cements,"  is  very 
interesting,  and  is  accompanied  by  some  excellent  photomicrographs.  The 
microscope  does  not  appear  to  have  been  very  much  employed  in  the  cement 
industry,  at  any  rate  in  this  particular  manner.  It  has  been  found  of  great 
value  in  metallography,  and  it  will  probably  be  found  of  the  greatest  use  in 
revealing  the  inner  structure  of  cements. 

The  other  chapters  deal  with  :  The  Setting  and  Hardening  of  Cements  ; 
the  Physical  Properties  of  Cements  ;  the  Mechanical  Properties  of  Cements  ; 
Concrete  and  Artificial  Stone  ;  the  Resistance  of  Cement  an  I  Concrete  to 
Destructive  Agents  ;  the  Chemical  Analysis  of  Cements. 

The  book  supplies  a  want  because  most  of  the  other  treatises  deal  chiefly 
with  the  physical  and  mechanical  aspect  of  the  subject.  This  book,  however, 
deals  in  the  main  with  the  chemical  aspect.  We  heartily  congratulate  the 
author  upon  the  completion  of  a  book  of  great  value  to  the  chemist. 

Alcoholic    Fermentation,     Dr.    Arthur    Harden,    F.R.S.    (Pp.    128. 
London,   1910.     Price  4s.   net.) 

Dr.  Harden's  volume  on  alcoholic  Fermentation  is  a  valuable  addition  to 
the  series  of  monographs  on  Biochemistry.  After  a  brief  historical  introduc- 
tion, the  author  arranges  his  material  in  the  following  order  :  Zymose  and  its 
properties,  the  function  of  phosphates  in  alcoholic  fermentation,  the  coenzyme 
of  yeast,  action  of  some  inhibiting  and  accelerating  agents  on  the  enzyme  of 
yeast-juice,  the  by-products  of  alcoholic  fermentation,  the  chemical  changes 
mvolved  in  fermentation,  the  mechanism  of  fermentation.  It  should  be  stated 
that  the  book  is  mainly  occupied  with  the  discussion  of  fermentation  by  yeast- 
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juice  ;  fermentation  by  yeast  cells  is  only  briefly  dealt  with.  With  this 
limitation  the  author  has  succeeded  in  giving  a  very  clear  and  well-balanced 
account  of  his  subject,  and  the  reader  will  rise  from  a  perusal  of  the  book 
with  a  strong  impression  that  there  are  still  many  problems  awaiting  solution 
in  this  field. 

The  process  of  alcoholic  fermentation  is  highl}'  complicated.  The 
principal  substances  directl}'  concerned  appear  to  be  enzyme  and  coenzyme 
of  the  juice  under  the  influence  of  which  a  henosephosphate  is  formed  from 
the  sugar  and  phosphate.  The  henosephosphate  is  decomposed  by  a  special 
enzyme,  henosephosphatose,  with  formation  of  carbon  dioxide  and  alcohol 
and  regeneration  of  phosphate.  As  regards  the  coenzyme,  however,  very 
little  is  known,  and  no  general  agreement  has  yet  been  reached  as  regards  the 
formula  of  the  henosephosphate.  In  fact,  the  opinion  might  be  hazarded 
that  the  progress  hitherto  made  in  the  elucidation  of  the  problem  is  scarcely 
commensurate  with  the  time  and  energy  which  so  many  investigators  have  in 
recent  years  devoted  to  the  subject.  Progress  is,  however,  often  greatly 
facilitated  by  a  clear  and  trustworthy  statement  of  the  problems  awaiting 
solution,  and  this  requirement  is  fully  met  by  Dr.  Harden's  book. 

Messungen  electromotorischer  Krafte  galvanischer  Ketten  mit 
wasserigen  Elektrolyten.  Gesammelt  und  bearbeitet  im  Auftrage 
der  Deutschen  Bunsen-Gesellschaft  von  R.  Abegg,  Fr.  Auerbach  und 
R.  Luther.  (Abhandlungen  der  Deutschen  Bunsen-Gesellschaft :  Halle, 
1911,  Wilhelm  Knapp.  Pp.  ix  +  213.  Price  M.  8,  40  ;  to  Members  of 
the  Bunsen-Gesellschaft  M.  4,  30.) 

All  chemists  and  physicists,  who  are  interested  in  the  electromotive  forces 
of  galvanic  cells,  will  be  grateful  to  the  authors  of  this  work  for  the  care 
and  thoroughness  with  which  they  have  carried  out  their  task,  and  to  the 
Bunsen-Gesellschaft  for  providing  the  ways  and  means  necessary  for  its 
accomplishment.  The  inception  of  the  undertaking  was  due  largely  to  the 
late  Professor  Abegg,  whose  loss  to  physical  chemistry  will  long  be  felt,  and 
to  whom  in  the  preface  the  surviving  co-authors  bear  loyal  tribute.  Measure- 
ment of  the  electromotive  forces  connected  with  reactions  which  can  take 
place  reversibly  in  galvanic  cells  is  probably  the  readiest  and  most  reliable  of 
the  few  methods  available  for  determining  quantitatively  the  driving  forces 
(that  is,  the  chemical  affinities)  involved  in  such  reactions.  For  this  reason 
trustworthy  measurements  of  these  electromotive  forces  are  of  great  value. 

In  the  present  compilation  the  authors  have  confined  themselves  to 
galvanic  combinations  the  electrolytes  of  which  are  aqueous  solutions,  and  to 
electromotive  forces  produced  from  within  the  combination,  as  distinguished 
from  those  produced  by  outside  influences  such  as  gravitational  and  other 
mechanical  stress,  surface  tension,  temperature  gradient,  radiation,  electro- 
lysis, &c.  The  work  is  divided  into  three  parts,  the  first  being  a  very 
complete  bibliography  of  measurements  of  the  electromotive  force  of  galvanic 
cells  arranged  chronologically  up  to  the  year  1910.  This  part  contains  details 
of  the  combinations  measured,  but  n-o  numerical  data.  The  second  Dart  is  a 
collection  of  the  most  trustworthy  measurements  of  electromotive  force 
critically  selected  and  systematically  arranged.  The  data  here  given  are  as 
far  as  possible  the  result  of  direct  measurement  of  complete  galvanic  cells, 
and  therefore  do  not  depend  on  hypothetical  quantities  such  as  ionic  concen- 
tration, contact  potential,  &c.  Lastly,  the  third  part  consists  of  tables  of  the 
most  probable  values  of  single  electrode  potentials.  In  the  Preface  will  be 
found  precise  directions  for  recording  data  relating  to  electromotive  forces  ; ' 
and  authors  of  papers  containing  ^ch  data  would  do  well  carefully  to  follow 
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these  directions,  so  that  misunderstanding  of  their  results  may  be  avoided. 
Hitherto  there  has  been  a  most  unfortunate  lack  of  uniformity  in  this  respect  ; 
and  it  is  often  difficult  to  decide,  for  example,  what  an  author  means  by 
the  term  "  positive  pole." 

It  is  to  be  hoped  that  this  volume  may  be  followed  by  another  giving  the 
electromotive  forces  of  cells  containing  non-aqueous  electrolytes.  In  any  case, 
however,  the  book  should  find  a  place  on  the  shelves  of  every  scientific 
reference  library. 

Jahrbuch  der  Elektrochemie.  Edited  by  Dr.  Daxxeel  and  Dr.  Julius 
Meykr.     Vol..\iii.     Parti.     (Pp.497.     Halle  a.  S.,  i9ii,\Vilhclm  Knapp.) 

With  this  volume  a  new  departure  is  made  inasmuch  as  the  Jahrbuch  is 
published  in  two  parts.  The  object  of  this  is  to  hasten  the  appearance  of  at 
least  the  scientific  section,  the  delay  in  previous  years  having  been  almost 
entirely  due  to  the  fact  that  the  technical  collaborators  did  not  send  in  their 
manuscripts  up  to  time.  A  further  change  is  in  the  editorship,  which  with 
this  volume  passes  into  the  hands  of  Prof.  Meyer.  We  are  told  that  the 
second  part  will  appear  in  June,  but  up  to  the  time  of  writing  (November)  the 
promise  has  not  been  fulfilled. 

The  present  volume  deals  with  the  papers,  etc.,  published  during  the  year 
1907,  and  whereas  the  scientific  section  of  vol.'xii.  took  up  some  650  pages,  it 
has  now  been  reduced  to  some  500  pages.  The  construction  and  general 
arrangement  is  the  same  as  before,  and  whereas  in  previous  years  we  have  had 
seriously  to  complain  of  the  very  large  number  of  misprints,  we  are  glad  to  be 
able  to  record  that  these  have  been  considerably  reduced.  Still  even  now,  we 
find  more  than  we  think  ought  to  be  present  in  a  work  of  reference  of  this 
sort.  E.g.,  on  pp.  8  and  9  we  find  Julius  Thomson  for  Julius  Thomsen,  p.  46 
Disselhorst  for  Diesclhorst,  p.  60  Whyllaw  for  Whytlaw,  pp.  82  and  264  Henry 
for  Henri,  p.  193  H.  C.  Armstrong  for  H.  E.  Armstrong,  and  so  on.  Berkeley 
(pp.  197,  204  and  206)  is  an  unusual  form  of  contraction  for  the  Earl  of 
Berkeley.  Apart  from  the  spelling  of  proper  names,  we  have  found  very  few 
errors  at  all.  Pp.  1-32  are  devoted  to  Reviews  of  Books,  pp.  32-59  to 
Apparatus,  pp.  59-80  to  the  Periodic  Classification,  Atomic  Weights  and 
Valency,  pp.  80-100  to  the  Phase  Rule.  Reaction  Velocities  and  the  Law  of 
Mass  Action  take  up  the  next  36  pp.,  and  Catalysis  and  Fermentation  the 
following  15  pp.  Pp.  151-17!  deal  with  Thermochemistry,  and  pp.  172-190 
with  the  Theory  of  Solutions.  Three  pages  suffice  for  the  Electronic  Theory, 
and  the  section  on  Osmotic  Pressure  brings  us  to  p.  210.  The  section  on 
Colloids  takes  up  56  pp.,  while  ten  are  devoted  to  the  application  of  Physical 
Chemistry  to  Biology,  Physiology,  and  Medicine.  This  large  general  section 
we  find  to  be  very  well  done,  no  papers  of  importance  having,  as  far  as  we 
have  been  able  to  judge,  been  omitted.  It  occupies  some  thirty  pages  less 
than  the  corresponding  section  of  vol.  xii.,  but  tliis  is  in  no  way  to  be  ascribed 
to  any  attempt  to  make  the  abstracts  less  complete. 

The  second  section  (pp.  269-328)  deals  witii  Conductivity  and  State  in 
Solution,  and  here  again  we  find  a  large  number  of  useful  tables.  A  short 
chapter  on  Dielectrics  (pp.  329-332),  brings  us  to  tlie  third  section  on 
Chemical  and  Electrical  F2nergy  (pp.  332-406.)  Pp.  407-476  deal  with 
Polarisation  and  Electrolysis,  whilst  the  remaining  pages  (467-497)  deal 
with  Radioactivity  and  Electric  Phenomena  in  Gases. 

There  is  nothing  in  this  volume  which  calls  for  individual  comment.  The 
whole  is,  as  before,  a  monument  of  industry  on  the  part  of  those  responsible 
for  the  compilation,  and  the  new  editor  promises  to  have  the  reports  of  the 
following  years  ready  as  soon  as  possible.     Still  it  seems  a  pity  that  so  much 
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difficulty  is  experienced  with  the  technical  gentlemen.  However,  it  is,  no 
doubt,  preferable  to  have  the  technical  side  written  up  by  technical  men  who 
are  able  to  offer  fair  and  valuable  criticism,  even  if  one  has  to  exercise  a 
certain  amount  of  patience,  rather  than  to  leave  it  to  purely  scientific  men 
who,  not  having  the  necessary  technical  experience,  arc  not  able  to  judge  of 
the  technical  value  of  a  publication  or  process.  Be  this  as  it  may,  it  is  certain 
that  the  value  of  the  Jahrbuch  would  be  greatly  increased,  especially  from  the 
technical  point  of  view,  if  its  appearance  were  not  so  much  delayed,  and  we 
should  like  to  express  the  hope  that  Prof.  Meyer  will  do  his  utmost  to  attain 
this  end. 

An  Experimental  Course  of  Physical  Chemistry.  Parti..  Statical 
Experiments.  By  James  Frederick  Spenxer,  D.Sc,  Ph.D.,  Assistant 
Lecturer  of  Chemistry,  Bedford  College.  (London,  191 1  :  G.  Bell  & 
Sons,  Ltd.     Pp.  xiv  +  228,  with  65  figures.     Price  3s.  6d.) 

This  volume  includes  experiments  on  Manipulation  of  Gases,  Density, 
Molecular  Weight  determinations.  Solubility,  Viscosity  and  Surface  Tension, 
Optical  and  Thermal  Measurements.  One  of  its  valuable  features  is  the 
tendenc)'^  in  certain  directions  to  describe  accurate  methods  of  measurement, 
such  as  are  used  in  research  work.  This  training  in  exact  methods,  which 
should  be  the  most  valuable  feature  of  an  experimental  course  in  physical 
chemistry,  is  rarely  developed  to  the  fullest  advantage,  and  the  present  volume 
is  by  no  means  bej'ond  reproach  in  this  respect.  Thus,  the  slovenly  habit  of 
making  density  determinations  witliout  correcting  for  the  buoyancy  of  the  air 
is  distinctl}'  encouraged  in  the  text,  where  the  correction  is  only  incidentally 
referred  to,  and  in  such  a  form  as  to  make  no  allowance  for  the  effect  of 
buoyancy  on  the  weights  :  the  correct  formula  is  given  in  a  preliminary 
chapter.  The  importance  of  correcting  barometer  readings  for  the  tem- 
perature of  the  mercury,  height  above  sea-level,  and  variation  of  gravity  with 
latitude,  and  the  habitual  use  of  these  corrections,  e.g.,  in  boiling-point 
determinations,  might  with  advantage  be  insisted  on  in  such  a  book,  but 
receive  only  the  most  incidental  treatment.  It  is  much  to  be  regretted  ,that 
students  who  liave  received  systematic  instruction  in  experimental  physical 
chemistry,  should  be  left  to  discover  for  themselves  the  importance  of  cor- 
recting their  observations — possibly  only  after  having  added  to  the  great 
mass  of  incorrect  data  tliat  are  to  be  found  in  the  published  literature. 

Lines  in  the  Arc  Spectra  of  Elements.     Arranged  in  tlie  Order  of  their 

Wave-lengths.     From  wave-length  7950  to  wave-length  2200.     Compiled 

by   F.   Stanley.     (London,  75A,  Camden   Road,     N.W.,    191 1  :   Adam 

Hilger,  Ltd.     Price  12s.  6d.) 

The    data    tabulated    in    this    volume  are    "  Wave-length,"    "  Intensity," 

"  Element,"  and  "  The  Next  Prominent  Line."     A    margin  is  provided  for 

additional    lines   and   the   alternate   pages   are    left    free   for    Notes.     The 

wave-lengths  are  given  in  Angstrom  units   to  the    nearest  unit  in  tlie   fifth 

significant  figure. 

An  Introduction  to  the  Study  of  Metallurgy.  By  the  late  Sir  W^  C. 
RoBERTS-AusTEX,  K. C.B.J  D.C.L.,  F.R.S.  Sixth  edition,  revised  and 
enlarged  by  F.  W.  Harbord,  A.R.S.M.,  F.I.C.  (London  :  Charles 
Griffin  &  Co.,  Ltd.,  Exeter  Street,  Strand,  1910.  Pp.  xv  +  470.  Price, 
i8s.    net.) 

It  is  now  some  nine  years  since  the  last  edition  of  Roberts-Austen's  justly 
famous    "  Introduction  "  was  pui^shed,  and,  as  Mr.  Harbord  rightly  points 
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out,  the  results  of  recent  research  and  j^cneral  metallurgical  progress  impera- 
tively called  for  a  new  and  revised  edition  of  this  classic  work.  Students  of 
metallurgN-  may  congratulate  themselves  that  the  lamented  author  delegated  to 
Mr.  Harbord's  able  and  experienced  hands  the  preparation  of  the  revised 
edition.  That  the  task  of  the  reviser  has  been  by  no  means  a  liglit  one  is 
evident  from  the  considerable  additions  he  has  found  it  necessary  to  make  in 
order  to  bring  the  book  fully  abreast  of  the  knowledge  of  our  day.  The 
principal  changes  appear  to  have  been  made  in  the  chapters  dealing  with 
Alloys,  Pyrometry,  Metallography,  and  Furnaces.  Under  the  iirst  of  these 
headings  we  have,  of  course,  a  short  account  of  the  recent  valuable  work 
done  by  the  Alloys  Research  Committee  on  the  aluminium-copper  alloys, 
and  there  is  also  a  brief  reference  to  modern  steel  alloys,  while  a  few 
sections  on  the  thermal  treatment  of  alloys  have  been  added  to  Roberts- 
Austen's  admirable  Chapter  IV.,  which  dealt  almost  exclusively  with  steel. 
The  chapter  on  Pyrometry,  a  subject  which  owes  so  much  to  the  original 
author,  now  includes  descriptions  of  the  Pneumatic  Pyrometer  and  Radiation 
Pyrometers,  and  the  useful  bibliography  in  this,  as  in  every  chapter,  has  been 
brought  well  up  to  date.  The  chapter  on  Metallography  has  been  entirely  re- 
written, and,  though  short,  is  yet  clear  and  adequate.  Tlie  reproductions  of 
photomicrographs  are  beyond  all  praise.  To  the  chapter  on  Furnaces  a  too 
brief  section  on  Electric  Furnaces  has  been  added,  which  passes  in  review  all 
the  useful  types  now  so  well  known. 

It  is  a  great  thing  to  have  a  modern  edition  of  Roberts-Austen,  for  no  book 
of  its  kind  has  ever  surpassed  it  in  clarity,  and  even  charm,  of  style,  in 
suggestivcness,  fulness,  and  conciseness. 

The  Corrosion  of  Iron  and  Steel.  By  J.  Newton  Fkiknd,  Ph.D., 
D.Sc.  (London  :  Longmans,  Green,  &  Co.,  39  Paternoster  Row,  E.C., 
191 1.     Pp.  xiv  +  300.     Price  6s.   net.) 

The  modern  literature  on  the  corrosion  of  iron  and  steel  is  assuming  formid- 
able proportions,  and  we  therefore  welcome  heartily  a  book  like  the  present 
which  collates  in  such  handy  form  all  the  varied  work  that  has  been  done  in 
this  branch  of  technology.  Moreover,  Dr.  Friend  has  thoroughly  mastered 
the  subject  he  sets  out  to  teach,  for  not  only  is  he  himself  the  author  of  many 
important  and  convincing  investigations  bearing  upon  it,  but  he  has  done 
full  justice  to  the  work  of  liis  predecessors  and  contemporaries,  whose  work 
is  described  and  referred  to  with  admirable  fulness  and  judgment.  The 
subject,  too,  is  one  of  immense  practical  importance,  and  no  modern  con- 
structional engineer  or  metallurgist  can  afford  to  be  ignorant  of  the  scientific 
work  that  has  been  done  on  this  apparently  simple  but  really  highly  difficult 
and  complex  problem. 

The  subject,  broadly  speaking,  has  two  aspects,  a  theoretical  and  a 
practical,  the  former  dealing  witii  the  ultimate  causes  of  corrosion,  and 
the  latter  with  the  conditions  which  favour  or  prevent  it  in  actual  practice. 
The  author's  treatment  of  the  theory  of  corrosion  naturally  centres  round  the 
conflicting  claims  of  the  two  rival  "  electrolytic  "  and  "  acid "  theories. 
According  to  the  "electrolytic"  theory  the  presence  of  pure  oxygen  and 
liquid  water  alone  are  essential  to  the  formation  of  rust  upon  pure  iron, 
it  being  assumed  that  iron  is  to  some  minute  degree  soluble  in  water, 
its  ions  displacing  the  free  hydrogen  ions  which  are  said  to  exist  even  in 
the  purest  form  of  water.  According  to  the  "acid"  theory,  a  trace  of  acid, 
in  practice  usually  carbonic  acid,  is  absolutely  indispensable  for  corrosion 
to  take  place.  The  difficulty  of  realising  a  "pure"  chemical  substance, 
of  course,  renders  the  performance  of  absolutely  crucial  experiment  well- 
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nif^h  impossible,  but  Dr.  Friend  marshals  a  great  deal  of  experimental 
evidence  on  both  sides,  and  he  liimself  strongly  supports  the  "acid  "  theory. 
Nevertheless  we  must  confess  that  the  author  is  here  by  no  means  convincing, 
and  seeing  that  in  the  end  even  the  "acid"  theory  is  in  all  probability  also  an 
"  electrolytic  "  one  (for  possibly  all  chemical  action  is  electrolytic,  and  requires 
the  presence  of  three  substances,  one  an  electrolyte),  the  difference  resolves 
itself  into  one  'twixt  tweedledum  and  tvveedledee. 

In  the  chapters  on  the  conditions  that  determine  corrosion  the  author  is  on 
safer  experimental  ground,  and  these  sections  are  quite  excellent,  and  will  prove 
useful  in  the  highest  degree.  They  deal,  first,  with  the  general  factors  which 
promote  corrosion  under  natural  conditions",  such  as  dissolved  oxygen  in 
rivers,  the  action  of  light,  and  so  oh.  Then  follows  a  series  of  chapters  dealing 
with  the  action  of  various  acids,  alkalies,  and  aqueous  solutions  of  salts  upon 
iron,  including  an  interesting  chapter  on  Passivity  ;  and,  finally,  the  effect 
of  the  composition  of  the  iron  or  steel  itself  is  carefully  considered  as  far 
as  our  scanty  knowledge  of  the  subject  goes.  Throughout  the  volume  the 
gaps  in  our  present  knowledge  of  the  subject  are  clearly  indicated,  and 
its  publication  should  form  the  starting-point  of  many  an  investigation,  which 
will  fill  up  those  gaps  with  useful  additions  to  knowledge.  Until  this  is  done, 
as  the  author  rightly  remarks,  we  cannot  hope  to  make  much  headway  in  the 
preparation  of  rust-resistant  metals. 

A    Practical    Guide    to  Iron    and    Steel     "Works    Analyses.     By 

Walter  Macfarlaxe,  F.I.C.     (London  :  Longmans,  Green   <S:   Co.,  39 
Paternoster  Row,  E.G.     Pp.   184.     Price  4s.) 

This  little  handbook  lias  been  compiled  from  the  author's  more  compre- 
hensive "  Laboratory  Notes  on  Iron  and  Steel  Analyses,"  with  the  addition 
of  a  chapter  on  the  analysis  of  coal,  coke,  etc.  As  a  student's  guide  this  book 
would  appear  to  supply  a 'long-felt  need,  and  is  particularly  helpful  in  that 
there  is  no  bewildering  list  of  "  alternative  "  methods.  Where  gravimetric  and 
colorimetric  methods  are  available  for  a  certain  determination  both  are  given, 
and,  of  course,  certain  rapid  methods  are  given  as  well  as  the  standard 
methods.  A  useful  feature  is  the  "  Outline  of  the  Process "  given  in  each 
case  before  the  details  of  analysis,  and  this  cannot  fail  to  fix  the  interest 
of  the  student  on  the  work  in  hand,  and  make  the  carrying  out  of  the 
subsequent  analysis  less  of  a  mechanical  operation. 

A  History  of  the  Theories  of  Aether  and  Electricity.  From  the 
Age  of  Descartes  to  the  close  of  the  Nineteenth  Century.  By  E.  T. 
Whittaker,  F.R.S.,  Royal  Astronomer  of  Ireland.  (Dublin  :  Hodges, 
Figgis,  &  Co.,  Ltd.  London  :  Longmans.  1910.  Pp.  xiii  +  475.  Price 
I2S.  6d.  net.) 

The  publication  of  a  book  of  this  kind  is  most  opportune.  The  structure 
of  the  aether,  and  the  relations  between  it  and  matter,  are  questions  occupy- 
ing the  very  forefront  of  modern  physical  inquiry.  Thanks,  moreover,  to  the 
brilliant  work  of  Thomson,  Lorcntz,  and  others,  on  the  nature  of  electricity, 
and  the  structure  of  the  atotn,  we  are  perhaps  nearer  to  arriving  at  a 
satisfactory  working  solution  of  these  ultimate  problem  of  physics  than 
has  ever  before  been  reached  in  the  history  of  science.  A  connected 
account,  therefore,  of  all  that  has  been  achieved  in  this  field  since  the 
renaissance  of  science  in  the  seventeenth  century  will  prove  most  helpful 
to  the  serious  student  who  is  is  ^mdeavouring  not  only  to  understand,  but 
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to  appreciate,  in  its  true  perspective,  tlic  position  we  have  now  arrived  at  in 
thC"  understanding  of  tiiese  profound  and   fundamental  questions. 

Beginning  with  Descartes'  famous  vortex  theory  of  the  universe,  in  which 
light  is  the  transmission  of  a  pressure,  the  author,  in  Chapter  I.,  passes 
through  Hookc,  who  introduced  the  idea  of  light  as  vibratory  motion, 
to  Newton,  with  his  corpuscular  theory,  and,  finally,  to  Huygens,  who  revived 
the  wave  theory.  Side  by  side  with  these  discoveries  in  optics  we  have, 
on  the  one  hand,  the  electrical  and  magnetic  researches  of  Gilbert,  Gray, 
and  Franklin,  and  of  Aepinus,  Cavendish,  Colomb,  Poisson,  and  the  other 
great  founders  of  the  mathematical  theories  of  electrostatics  and  magnetism, 
and,  on  the  other,  the  discoveries  in  "  galvanism "  and  electro-magnetism 
of  Galvani,  Volta,  Oersted,  Ampere,  and  Ohm,  and  the  electrochemical 
theories  of  Grothuss,  Davy,  and  Berzelius.  Meanwhile  the  old  wave  theory 
of  light  was  not  allowed  to  perish  entirely,  and  the  work  of  Bradley  on 
aberration,  and  of  the  Bcrnoullis  and  Euler,  led  to  the  statement  of  the 
wave  theory,  almost  in  its  modern  form,  by  Young  and  Frcsncl,  with  its 
corollary  of  the  Elastic  Solid  Theory  of  Aether.  Chapter  V.  deals  with 
Cauchy's,  MacCullagh's,  and  Green's  contributions  to  the  Elastic  Solid 
Theory,  and  the  further  developments,  particularly  as  regards  the  optical 
properties  of  crystals,  up  to  the  days  of  Stokes  and  W.  Thomson.  The 
immortal  work  of  Faraday  (Chapter  VI.)  is  the  link  between  the  optical 
theories  of  the  founders  of  the  wave  theory  and  the  mathematical  electricians, 
Neumann,  Weber,  Gauss,  \V.  Thomson,  and  others  ;  and  from  their  combined 
labours,  not  forgetting  the  discoveries  in  the  science  of  energy  made  by  Joule, 
Helmholtz,  Clausius,  and  W.  Thomson,  we  are  led  by  natural  stages  to 
Maxwell's  Electromagnetic  Theory  of  Light,  of  which  an  admirably  succinct 
account  is  given  in  Chapter  VIII.  This  is  rounded  off  by  a  sketch  of 
the  various  aether-models  devised  by  Maxwell  and  his  contemporaries, 
and  of  the  additions  to  Maxwell's  Tlicory  at  the  hands  of  his  successors, 
notably,  FitzGerald,  Poynting,  and  Hertz,  at  whose  hands  the  theory  seemed 
to  receive  complete  justification.  The  remainder  of  the  book  describes  those 
theories  of  electrical  conduction  in  solutions  and  gases  which  complement  the 
Maxwell  theory  of  propagation  in  space,  and  with  which  are  specially  associ- 
ated the  names  of  Clausius,  Hittoff,  Kohlrauscli,  Helmholtz,  Arrhenius,  and 
Xcrnst  as  regards  solutions,  and  Pliicker,  Crookcs,  Schuster,  Lcnard,  Rontgen, 
and  Thomson  as  regards  discharges  through  gases  ;  and,  finally,  we  have  these 
theories  brought  into  line  with  the  recent  discoveries  in  radioactivity,  and  co- 
ordinated into  one  whole  by  the  electron  theory  of  Lorentz  and  Thomson,  with 
which  the  history  appropriately  ends. 

It  will  be  seen  from  the  above  hasty  sketch  that  the  author's  task  in  weav- 
ing together  so  complex  a  fabric  has  been  anything  but  a  simple  one.  Yet  he 
has  accomplished  it  with  a  surprising  amount  of  skill,  gathering  up  the  various 
threads  of  an  apparently  disconnected  story  with  a  masterly  ease  that  renders 
the  gradual  unfolding  of  the  talc  as  clear  to  follow — to  the  reader  equipped 
with  the  necessary  grounding — as  it  is  delightful  to  read. 

Assaying  and  Metallurgical  Analysis.  Second  Edition,  revised  with 
additions.  By  K.  L.  Kiikad,  F.I.C,  M.Sc.  Tech.,  and  A.  Humboldt 
Sexton,  F.I.C,  F.C.S.  (London,  191 1  :  Longmans,  Green,  and  Co.,  39, 
Paternoster  Row,  E.C.     Pp.  451.     Price  12s.  6d.  net.) 

This,  the  second  edition  of  the  comprehensive  volume  published  in  1902, 
has  been  revised  and  brought  up  to  date,  with  various  new  methods  added. 
The  volume  is  divided  into  three  parts.     Part   I.  deals  with  apparatus,  re- 
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agents,  and  manipulation  ;  Part  II.  witli  general  estimations  of  metals  and 
their  ores,  and  chemical  reactions  of  the  metals  treated  of ;  Part  III.  deals 
with  the  analysis  of  alloys  and  a  complete  analysis  of  ores. 

This  work  is  alike  useful  to  the  advanced  student  and  the  practical 
chemist,  and  should  find  a  place  in  every  laboratory. 

Patent  Office  Library.  (Southampton  Buildings,  Chancery  Lane, 
London,  W.C.) 

The  following  Subject  Lists,  New  Series,  have  recently  been  published, 
superseding  the  lists  issued  in  1901.     The  price  of  each  is  6d. 

Z  C — Z  Q.  Works  on  Chemistry  '(including  Alchemy,  Electrochemistry, 
and  Radioactivity). 

Y  N — Z  B. — Works  on  Chemical  Technology  (including  Oils,  Fats,  Soaps, 
Candles,  Perfumery,  Paints,  Varnishes,  Gums,  Resins,  Indiarubber,  Paper,  and 
Leather  Industries). 

Y  K — Y  M.  Works  on  Peat,  Destructive  Distillation,  Lighting,  Oils  and 
Waxes,  Gas  and  Acetylene. 

The  Principles  of  Electro-Deposition.  A  Laboratory  Guide  to 
Electroplating.  By  Samuel  Field,  A.R.C.Sc,  F.C.S.  (London,  191 1  : 
Longmans,  Green,  and  Co.,  39,  Paternoster  Row,  E.C.  Pp.  xv  +  383. 
Price  6s.  net.) 

This  book  is  intended  to  teach  the  scientific  priaciples  underlying  their 
trades  to  those  engaged  in  the  electroplating  and  clectrotyping  industries. 
The  author,  as  Head  of  the  Department  of  Technical  Chemistry  at  the 
Northampton  Institute,  Clcrkcnwcll,  has  an  intimate  knowledge  of  what  is 
required  by  the  men  engaged  in  the  practical  work  of  electro-dt-position,  and 
it  is  almost  superfluous  to  add  that  this  little  handbook  fulfils  those  require- 
ments completely.  It  is  written  in  the  simplest  possible  style,  with  its 
numerical  examples  and  experimental  illustrations  entirely  drawn  from  prases 
that  will  have  been  personally  experienced  by  most  of  its  readers,  so  that 
given  the  necessary — quite  elementary — knowledge  of  chemistry  assumed, 
the  average  electroplater  should  have  not  the  slightest  difliculty  in  thoroughly 
understanding  and  realising  the  importance  of  what  is  here  put  forward. 

The  plan  of  the  book  is  simple  and  straightforward,  and  yet  remarkably 
complete,  considering  its  size  and  limits.  First  come  a  few  chapters  dealing 
with  voltaic  cells  and  accumulators,  the  elementary  properties  of  the  current 
and  of  electric  circuits,  the  dynamo,  and  measuring  instruments.  Then 
follows  a  chapter  on  the  laws  of  electro-deposition,  and  a  detailed  account  of 
the  preparation  of  the  woi"k  for  deposition  and  of  the  plating  baths. 
Separate  chapters  then  treat  respectively  of  the  deposition  of  copper,  nickel, 
iron,  tin,  and  zinc,  silver,  gold,  and  brass.  The  short  chapter  on  metal- 
colouring  which  follows  is,  perhaps,  the  least  satisfactory  in  the  book 
because  it  attempts  too  much  in  a  small  compass.  Finally,  there  are  some 
half-dozen  chapters  on  the  testing  and  estimation  of  the  solutions  used  by 
platers,  and  there  is  ,the  usual  statistical  appendix  at  the  end. 

The  general  use  of  this  b6ok  should  go  far  towards  doing  away  with  the 
far  too-prevalent  "  rule-of-thumb  "  methods  so  beloved  of  the  average  electro- 
pjater,  and  the  author  has  deserved  well  of  the  industry  for  placing  at  its  dis- 
posal so  ready  and  convenient  a  means  by  which  that  hoped-for  end  may 
be,  at  least  to  some  degree,  accomplished. 
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THE    "PARAGON"    ELECTRIC    FURNACE    AND    RECENT 
DEVELOPMENTS   IN    METALLURGY. 

By   JOH.    harden. 

(A  Paper  read  before  the  Faraday  Society  on  Tuesday,  October  3,  191 1, 
Mr.  F.  W.  Harbord,  Vice-President,  in  the  Chair.) 

Recent  developments  in  the  art  of  steel  refining  in  the  electric  furnace 
have  called  for  certain  modifications  in  the  design  calculated  to  meet  the 
requirements  of  the  metallurgist. 

A  retrospective  view  of  the  electrometallurgy  of  recent  years  will  make 
this  clear. 

When  the  late  Dr.  Kjellin,  whose  untimely  decease  we  all  had  to  lament 
on  last  New  Year's  Eve,  designed  his  induction  furnace  about  1894-98,  his 
primary  object  was  to  create  an  efficient  melting  machine  for  high-class 
crucible  steel,  pure  and  simple,  without  any  consideration  of  refining  pos- 
sibilities'which  were  deemed  unnecessary  with  the  high-class  raw  material 
employed  in  the  manufacture  of  such  steel.  That  this  furnace  has  filled  this 
demand  in  capacities  up  to  4  tons  and  more  has  in  course  of  time  been  amply 
verified,  though  the  progress,  the  author  regrets  to  state,  has  been  very  much 
retarded  in  this  country,  chiefly  on  account  of  the  power  question,  as 
"  surplus "  power  is  scarce  in  most  steel  plants  and  is  considered  more 
necessary  for  other  purposes,  though  it  has  been  repeatedly  proved  that 
a  clear  saving  of  from  £1  los.  to  £2  per  ton  of  steel,  in  the  melting,  can 
be  effected  with  this  furnace. 

It  is  well  known  that  very  little  refining  as  regards  sulphur  and  phosphorus 
can  be  effected  in  the  induction  furnace  on  account  of  its  small  slag  surface,  and 
the  comparatively  low  temperature  of  the  slag  (though  degasifying  h  daily 
carried  out  in  a  large  Kjellin  furnace  by  a  prominent  Continental  firm,  the 
Poldihutte  A.G.  in  Bohemia).  The  reason  for  this  behaviour  is  quite  obvious, 
but  a  crude  analogy  may  serve  as  an  illustration.  Imagine  there  are  two 
cups  of  water  on  the  table,  one  containing  hot  and  the  other  cold  water,  and 
let  us  drop  a  lump  of  hard  crystal  sugar  into  both  ;  as  is  well  known,  the 
sugar  will  dissolve  much  more  rapidly  in  the  hot  water.     If  some  special  salt 
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is  added,  it  may  be  found  to  dissolve  quite  readily  in  the  hot,  but  not  at  all 
in  the  cold  water. 

The  impurities  in  the  steel  may  be  considered  to  act  precisely  in  the  same 
way  ;  they  dissolve  readily  in  a  superheated  slag  blanket  of  a  temperature 
considerably  higher  than  that  of  the  steel,  while  a  slag  of  the  same  or  lower 
temperature  than  the  steel  may  dissolve  but  little  or  none  of  the  impurities. 

As  to  the  gases,  another  crude  analogy  may  be  taken  for  comparison. 
Take,  for  instance,  a  vessel  containing  soda-water  or  any  other  liquid  in 
which  gases  are  occluded.  If  the  flame  of  a  burner  is  applied  over  the 
surface  of  the  liquid  some  of  the  gases  may  be  made  to  escape  somewhat 
quicker  (especially  if  the  liquid  is  stirred,  either  by  the  action  of  the  heat  or 
otherwise),  but  if  the  flame  is  applied  from  beneath  the  liquid  the  degasifying 
is  undoubtedly  carried  on  much  more  quickly,  as  at  the  same  time  the  lower 


O 


n 


Fig.  I. 


portion  of  the  liquid  is  rapidly  brought  to  the  surface  and  the  gas  expanded 
by  the  heat. 

These  considerations,  among  others,  brought  the  author  to  work  out  the 
design  known  as  the  "Paragon"  furnace,  slides  of  which  are  to  be  shown 
on  the  screen. 

In  this  furnace  the  bath  is  heated,  as  is  easily  seen  (Fig.  i),  both  from  the 
surface  of  the  slag  by  means  of  suitably  arranged  arcs  and  also  at  the  same  time 
from  the  sides  and  beneath  the  bath,  by  means  of  side  plates  of  second-class 
conductors,  similar  to  those  which  have  been  used  for  some  four  to  five  years 
in  the  RochHng-Rodenhauser  furnace.  In  this  manner  the  metallurgist  has 
it  in  his  hands  to  apply  the  maximum  heat  exactly  where  he  wishes  to  have 
it,  since  both  circuits  are  made  to  be  regulated  at  will.  Thus  during  the 
desulphurisation  and  dephosphorisation  the  slag  is  heated  to  a  temperature, 
higher  than  that  of  the  steel,  while  during  the  period  of  degasifying  the 
bulk  of  the  power  is  conveyed^to  the-  bath  through  the  bottom  and  sides. 
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This  design  brings  in  other  important  improvements.  For  example,  il  is 
quite  easy  to  start  tlie  furnace  from  cold  by  means  of  the  arcs,  whicii  obviates 
the  necessity  of  tilling  in  liquid  charge  as  a  means  of  starting  the  non-elec- 
trode furnaces.  Furthermore,  the  electrode  question  in  plain  arc  furnaces 
may  in  many  cases  become  a  serious  one,  as  large  electrodes  for  furnaces 
of  greater  capacities  are  exceedingly  ditTicult  to  obtain,  and  always  very 
expensive,  especially  if  the  losses  are  to  be  considered. 


Owing  to  the  nature  of  the  "  Paragon  "  furnace,  where  only  a  smaller  part 
of  the  power  enters  the  furnace  through  the  electrodes,  this  drawback  is  con- 
siderably reduced  (Fig  2).  If ,  for  instance,  the  upper  limit  of  a  plain  arc  furnace 
is,  say,  20  tons,  on  account  of  the  difficulty  in  obtaining  large  enough  elec- 
trodes it  will  be  found  that  this  capacity  can  be  doubled  with  the  "  Paragon" 
type,  as  only  about  half  of  the  power  is  required  to  pass  through  the  elec. 
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trodes.  It  is  true  that  with  some  designs  of  furnaces  the  electrodes  may 
be  coupled  in  parallel,  but  this  is  also  possible  in  the  "  Paragon,"  and  this 
statement  therefore  holds  good  in  this  case  also. 

The  electrodes  for  a  30-ton  three-phase  "  Paragon  "  furnace  (Fig.  3)  should 
have  a  cross-section  of  16  in.  x  16  in.,  or  255  sq.  in.,  and  in  a  50-ton  furnace 


ViG.  3. — Showing  a  30-ton  Paragon  Furnace. 


the  electrodes  should  be  24  in.  x  24  in.,  or  576  sq.  in.,  which  would  still  only 
give  a  maximum  of  24-5  to  26  amps,  per  sq.  in.,  which,  as  experience  has 
proved,  is  well  within  reasonable  limits,  both  from  an  electrical  and  manu- 
facturing point  of  view.  This  would  correspond  to  plain  arc  furnaces  having 
a  capacity  of  only  12-14  tons  and  18-22  tons.  In  fact,  it  may  safely  be  said 
that  as  far  as  the  electrodes  are  concerned  any  capacity  possible  with  the 
plain  arc  furnace  may  be  doubled  with  the  "  Paragon  "  design. 

A  further  advantage  in  this  djssign  is  the  greater  durability  of  the  roof. 
It  is  well  known  that  the  roof  ft* the  part  of  an  arc  furnace  which  is  most 
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rapiillv  destroyed  bv  the  action  of  tlic  hot  gases.  In  tla-  "  Paraf^on  "  furnace 
tlie  destructive  action  is  minimised,  as  only  a  smaller  part  of  the  power  is 
acting  on  the  slag. 

In  cases  where  electrodes  are  more  or  less  unobtainable  the  same  design 
may  still  be  used  with  advantage  when  gas  firing  is  used  as  a  substitute  for 
the  electrodes,  while  the  electric  power  is  applied  only  through  the  side 
plates.  One  may  perhaps  remark  that  in  this  case  the  gas  firing  alone  will 
be  sufficient,  but  it  will  be  seen  on  closer  consideration  that  the  electric 
heating  is  still  of  great  advantage  if  the  analogy  with  the  liquid  containing 
occluded  gas,  which  should  be  driven  out,  is  remembered. 

Besides,  the  desulphurisation  and  deoxidation  require  a  considerable 
temperature,  and  in  order  to  obtain  this  one  has  to  blow  in  a  sufficient 
quantity  of  air  with  the  gas,  which  easily  renders  the  flame  slightly 
o.xidising,  thus  making  the  deoxidation  of  the  steel  difficult. 

If  electric  heating  is  applied  as  described,  the  desired  temperature 
can  easily  be  obtained  in  the  right  direction  by  maintaining  a  reducing 
atmosphere,  and  a  more  thorough  refining  should  be  possible  without 
incurring  a  higher  cost. 

Finally,  the  melting  down  of  cold  material  with  gas  should  be  more 
economical  in  this  particular  case  than  with  the  electric  furnace  proper,  since 
no  very  high  temperature  is  required  to  liquefy  low-grade  iron  ;  but  it  is  the 
subsequent  refining,  apart  from  the  dephosphorisation,  which  demands  the 
higher  heat  energy,  and  this  can  be  applied  in  a  more  efficient  way  by  means 
of  the  side  plates  conducting  the  electric  power  to  the  furnace. 

These  furnaces  have  been  patented  by  the  author  and  the  Grondal  Kjcllin 
Co.,  Ltd. 

A  trial  furnace  is  just  being  built  in  Germany,  and  designed  by  Mr.  Roden- 
hauser  and  the  Rochlings  Iron  and  Steel  Works,  where  the  side  plates  only 
are  provided  for.  Experiments  have  proved  that  sufficient  power  can  be 
converted  to  the  bath  in  this  way  to  give  the  steel  the  temperature  required. 
The  construction  of  this  furnace  has  progressed  so  far  tliat  the  author  hoped 
to  bring  some  figures  of  the  results  obtained  before  this  meeting  ;  certain 
delays  in  the  delivery  of  the  electrical  parts  have,  however,  frustrated  this, 
but  the  results  are  expected  to  be  ready  for  publicatixsn  shortly. 

It  is  expected  that  this  design  will  enable  the  constructors  to  provide 
furnaces  up  to  50  tons  capacity. 

Having  now  broached  the  question  of  very  large  furnaces,  in  fact  of  the 
largest  size  possible  under  present  conditions,  the  author  wishes  to  mention  a 
few  words  about  a  new  furnace  of  the  smallest  size,  suitable  for  laboratory 
purposes,  &c. 

It  is  a  long-felt  want  of  the  steel-maker  to  be  able  to  carry  out  trial  melts 
on  a  small  scale,  especially  for  alloys,  before  making  up  a  proper  charge. 
This  is  of  great  importance  in  the  case  of  such  alloy  steels  in  which  expensive 
ferro-alloys  are  a  prominent  constituent. 

The  old  method  of  making  a  trial  in  a  pot  in  the  crucible  furnace  is  both 
time-robbing  and  very  uncertain.  This  new  furnace  should  be  a  real  boon 
to  the  crucible  steel-maker,  as  it  enables  him  to  make  melts  from  a  few 
pounds  in  weight  up  to  several  hundredweights  in  a  most  easy  and  con- 
trollable way. 

The  furnace  is  known  as  the  "  Helberger"  furnace  (see  Fig.  4),  and  the 
author  has  acquired  the  agency  for  this  apparatus  in  this  country.  It 
consists  of  an  electrically  heated  ordinary  plumbago  crucible,  lined  in  such 
a  way  as  not  to  react  upon  the  charge.  Any  form  of  electric  current 
may    be   used,    but   alternating  current    of    from    25    to   60   cycles   is    pre- 
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ferable,  therefore  the  heavy  outlay  of  a  motor  generator  is  in  most  cases 
unnecessary. 

The  furnace  and  the  crucible  are  open  at  the  top,  so  that  the  contents  can 
easily  be  watched  and  additions  made.  The  temperature  is  very  easily  regu- 
lated by  means  of  a  handle  ;  heats  of  3,000°  C.  have  been  obtained  in  these 
furnaces,  which  will  even  permit  the  melting  of  platinum  and  other  very 
refractory  metals. 

The  furnaces  are  made  either  to  be  tilted  or  else  with  detachable  crucible 
for  direct  pouring  ;  they  are  delivered  complete,  ready  for  use,  at  quite 
reasonable  prices. 

The  melting  cost  compares  very  favourably  with  other  methods  for.  small 
capacities  ;  a  few  figures  will  show  this  : — 

100  kg.  steel  require  75  kilowatt  hours. 
100  kg.  copper  require  30  kilowatt  hours. 
I  kg.  platinum  requires  10  kilowatt  hours. 

The  following  temperatures  of  the  crucible  were  obtained  : — 

In    8  minutes  1,000^  C.  with    90  amperes  104  volts. 
In  15         „        1,470         ,,        160         ,,         loi      „ 
In  25         „        2,150         „        165         „         100      „ 
In  45         „        2,750         „        248         „  93      „ 

The  temperature  was  still  higher  after  the  last  reading,  but  the  pyrometer 
used  did  not  enable  any  higher  readings  to  be  taken. 

From  this  it  will  be  seen  that  any  temperature  required  for  trial  purposes 
in  steel-making  may  be  easily  obtainable. 

With  regard  to  accessories  for  steel-making,  it  may  be  stated  that  such 
ferro-alloys  as  ferro-tungsten  are  now  being  made  in  the  electric  furnace  on 
a  commercial  scale  in  this  country  by  Electric  Furnaces  &  Smelters,  Ltd.,  in 
their  new  works  at  Luton,  three  furnaces  are  in  use  alternatively,  and  alloys 
are  produced  in  considerable  quantities.  Ferro-tungsten  as  low  as  025  per 
cent,  in  carbon  has  been  made,  though  0*5  per  cent,  is  more  usual.  Also /<?rro- 
tantalum  is  being  made  as  a  speciality,  and  it  is  believed  that  this  new  alloy 
will  no  doubt  be  of  considerable  interest  to  the  steel-maker. 

The  power  supply  is  500  volts  direct  current,  which  is  being  converted 
into  alternating  current,  25  cycles,  50  to  90  volts,  by  means  of  a  motor 
generator. 


DISCUSSION. 

Mr.  "W.  Murray  Morrison  (communicated  October  17,  191 1)  :  I  regret 
very  much  that  it  will  be  impossible  for  me  to  be  present  at  the  adjourned 
discussion  to-day. 

The  Society  is  to  be  congratulated  on  the  practical  papers  contributed  by 
Mr.  J.  Harden  and  Mr.  D.  F.  Campbell  on  recent  progress  in  the  electro- 
metallurgy of  iron  and  steel.        • 

One  would  like  to  have  seen  some  records  of  the  type  of  furnace  de- 
scribed by  Mr.  Harden,  and  perhaps  he  may  at  some  later  date  be  good 
enough  to  contribute  some  further  data  relative  to  that  to  the  Society.  I 
presume  the  top  electrodes  and  those  in  the  furnace  linings  are  in  parallel. 
The  theoretical  considerations  wh^«h  he  puts  forward  in  support  of  the 
advantage  of  the  electrodes  embedded  inthe  lining  appear  to  be  sound  at 
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first  sight,  but  it  is  to  my  mind  rather  doublful  as  to  whether  tlie  practical 
consideratit>ns  will  not  outweigh  any  advantages  which  may  be  secured.  The 
resistance  through  the  lining  of  the  furnace  will  no  doubt  be  somewhat 
considerable,  and  I  should  expect  that  the  radiation  losses  would  be  material. 
This  is  more  or  less  evidenced  by  the  fact  that  the  necessity  is  recognised  of 
cooling  the  metallic  electrodes.  Power  will  be  required  for  tiiis  purpose,  and 
I^imagine  a  considerable  percentage  of  energy  will  be  lost  through  radiation. 
Further,  it  would  appear  as  if  the  life  of  furnace  linings  would  be  more 
considerable  in  the  case  of  the  Heroult  or  similar  furnace. 

In  dealing  with  the  capacity  of  the  "  Paragon  "  furnace  as  compared  with 
furnaces  of  other  types,  Mr.  Harden  estimates  the  capacity  of  the  former  at 
double  that  of  the  latter.  Assuming  his  arguments  to  be  correct  this  can  only 
refer  to  the  size  of  the  top  electrodes,  for  obviously  a  furnace  of  double  the 
capacity  would  be  of  double  the  size.  I  take  it,  however,  Mr.  Harden  merely 
refers  to  the  limiting  factor  being  the  size  of  electrodes,  and  that  on  this 
account  the  "Paragon"  furnace  could  be  built  of  a  larger  size  for  a  given 
superficial  area  of  electrodes. 

Mr.  Colin  C.  Go'W  :  We  all  listened  to  the  papers  read  by  Messrs.  Harden 
and  Kilburn  Scott  with  much  interest  as  bringing  to  one's  notice  furnaces 
for  metallurgical  work  of  a  distinctly  novel  character.  There  are  just  one 
or  two  points  upon  which  I  would  ask  the  gentlemen  for  enlightenment. 

Referring  to  Mr.  Harden's  paper  (p.  184),  the  following  statement 
appears  :  "Thus  during  the  desulphurisation  and  dephosphorisation  the  slag 
is  heated  to  a  temperature  higher  than  that  of  the  steel,  while  during  the 
period  of  degasifying  the  bulk  of  power  is  conveyed  to  the  bath  through 
the  bottom  and  sides."  I  am  not  quite  aware  as  to  how  Mr.  Harden  would 
define  the  freedom  of  a  bath  of  steel  from  gases,  or  would  determine  that 
condition.  However,  I  will  assume  that  if  a  bath  sample  be  taken  and  then 
poured  into  a  small  mould  the  tendency  of  the  steel  to  rise  will  be  an 
indication  of  the  presence  of  oxides  and  probably  gas  to  some  extent, 
and  vice  versa. 

The  condition  of  the  bath  as  shown  by  this  simple  and,  so  far  as  I  am 
aware,  the  only  practical  test,  will  no  doubt  meet  the  requirements  of  Mr. 
Harden's  definition  of  degasification.  During  my  experience  with  the 
simplest  type  of  arc  furnace  I  have  always  found  that  a  bath  sample  will 
invariably  lie  quiet  in  the  mould  as  soon  as  the  sulphur  has  been  eliminated  ; 
in  fact,-  the  desulphurisation  by  the  reducing  slag  is  never  complete  until 
the  oxides  have  been  removed  from  the  bath,  thus  enabling  calcium  carbide 
to  exist  in  the  slag  without  decomposition.  This  has  been  borne  out  by 
analyses.  In  short,  the  elimination  of  gas  or  oxides  is  in  a  way  a  function 
of  the  desulphurising  conditions.  If,  however,  Mr.  Harden  finds  it  necessary 
when  using  his  "  Paragon  "  furnace  to  degasify  (quoting  his  term)  after  the 
removal  of  sulphur,  it  would  be  of  interest  to  know  the  approximate  power 
consumption  and  further  time  required  when  degasifying  i  ton  of  steel 
together  with  the  additional  expenditure  entailed  thereby.  If  Mr.  Harden 
does  not  accept  the  simple  test  mentioned  above  as  a  proof  of  the  freedom 
of  a  bath  of  steel  from  gas,  is  it  possible  that  he  has  actually  determined 
analytically  the  occluded  nitrogen  and  any  other  gas  before  and  after  his 
process  of  degasification  ?  In  this  case  it  would  be  of  exceptional  interest 
to  know  the  relative  mechanical  tests  which  the  steel  would  give  before 
and  after  treatment  in  his  furnace.  I  would  like  to  add  that  my  experience 
as  regards  this  problem  refers  to  mild  steel  o'l  per  cent,  C.  besides  medium 
and  high  carbon  steels. 

Deoxidation  is  a  term  which  all  steel-makers  understand,  whereas  degasi- 
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fication  should  be  spoken  of  with  the  utmost  reserve  until  more  light  has 
been  thrown  on  a  subject  which  is  at  present  so  little  understood  and  open 
to  misinterpretation. 

Mr.  D.  F.  Campbell  :  Mr.  Hiirden's  paper  was  specially  interesting  as 
it  gave  his  ideas  about  the  results  which  he  hoped  to  obtain  with  the  type 
of  furnace  that  marks  an  important  stage  in  the  evolution  of  furnace  design. 
It  is  more  interesting  because  it  is  being  built  by  the  firm  at  Volklingen  who 
have  done  so  much  to  develop  the  induction  principle.  The  simple  Kjellin 
furnace,  with  its  modifications  suggested  by  Frick,  Hiorth,  and  others,  marks 
one  extreme.  Mr.  Rodenhauser's  improvements  enabling  slag  to  be  used  for 
refining  maybe  considered  another,  stage  in  the  tendency  towards  the  arc- 
refining  electric  furnace,  while  Mr.  Harden  carries  this  one  stage  further. 

The  metallurgy  of  steel  refining  may  be  said  to  be  the  metallurgy  of 
slags,  and  from  this  point  of  view  we  should  undoubtedly  suppose  the  simple 
arc  furnace  to  be  the  most  efficient.  In  this  furnace  steel  can  be  made  and 
deoxidised,  and  there  is  no  doubt  that  sufficient  heat  can  get  to  the  bottom 
of  the  bath  of  steel,  which  proves  that  the  necessity  of  passing  the  current 
through  the  steel  as  a  means  of  heating  is  a  fallacy.  The  slag  reactions  may 
perhaps  be  divided  into  those  which  are  ordinary  heat  reactions,  such  as  are 
obtained  in  a  basic  open-hearth  furnace,  and  those  which  are  peculiar  to  the 
electric  furnace,  and  include  those  which  require  the  intense  temperature 
of  the  arc.     Mr.  Harden  has  realised  the  importance  of  this. 

There  is  no  doubt  that  electrodes  are  the  cause  of  expense  and  trouble 
in  operating  an  electric  furnace,  and  one  of  the  great  advantages  that  have 
been  put  forward  for  the  induction  or  resistance  principle  is  the  absence 
of  these  electrodes.  Unfortunately  Mr.  Hiirden's  design  does  not  eliminate 
this  objectionable  feature,  but  also  has  certain  complications  in  the  hearth 
furnace  which  would  be  offensive  in  my  opinion  to  the  practical  steel- 
maker. 

He  argues  that  "  the  reduction  in  the  cross-sectional  area  of  electrodes 
is  an  important  item,  but  at  least  50  per  cent,  of  the  electrode  consumption 
in  any  furnace  is  due  to  disintegration  or  pointing  of  the  electrodes,  whith 
is  entirely  independent  of  the  amount  of  current  passing  through  the 
electrodes,  and  is  just  as  serious  in  the  case  of  the  smaller  carbon  as  in  the 
larger  electrodes  required  in  the  simple  arc  furnace.  If  Mr.  Harden  can 
give  us  a  furnace  without  electrodes  in  which  efficient  slag  reactions  can 
be  maintained,  it  would  be  a  great  advance,  but  if  he  finds  it  necessarj^  to 
have  the  electrodes  with  all  their  complicated  mechanism,  and  the  only 
compensation  being  a  slightly  reduced  cross-sectional  area,  I  do  not  think 
that  this  furnace  will  prove  to  be  a  great  advance  on  present  practice. 
Mr.  Harden  speaks  of  impurities  dissolving  in  a  superheated  slag  blanket, 
and  mentions  the  importance  of  having  this  heated  considerably  higher  than 
the  steel.  With  this  principle  I  completely  agree,  but  if  heating  the  slag  is 
sufficient  there  appears  to  be  no  necessity  to  pass  current  through  the  steel 
and  the  bottom  of  the  furnace  which  involves  serious  difficulties.  In  the 
Siemens  process  the  heat  is  entirely  applied  on  the  slag  surface,  the  only 
objection  being  that  in  this  process,  oxygen,  which  is  one  of  the  most  serious 
impurities  in  steel,  must  be  introduced  for  the  combustion  of  fuel. 

The  value  of  electric  steel-making  depends  upon  the  reducing  conditions 
which  can  be  maintained,  and  the  application  of  heat  on  special  slags  to 
carry  out  the  refming  process  without  turning  further  than  necessary  from 
standard  steel-making  practice, 

Mr.  Harden  mentions  the  serious  nature  of  roof  repairs  in  arc  furnaces, 
but  with  a  properly  designed  Hei^Tult  furnace  this  item  does  not  exceed  2|d. 
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to  3d.  per  ton  of  steel,  and  a  roof  recently  taken  off  a  furnace  working  in 
England  had  made  86  licats,  meltins^  and  refuiing  cold  scrap. 

The  reference  to  the  small  laboratory  furnace  is  interesting,  but  its 
limitations  are  undoubtedly  those  of  the  crucible  process,  and  I  must  take 
exception  to  the  author's  statement  that  the  old  method  of  making  a  trial  in 
a  pot  in  tiie  crucible  furnace  is  both  time-robbing  and  very  uncertain. 

While  the  furnace  described  may  be  of  great  value  for  laboratory  experi- 
ments and  other  purposes,  I  do  not  think  that  it  will  ever  compete  with  the 
crucible  process  for  making  steel  under  strictly  commercial  conditions,  and 
as  a  furnace  for  making  trial  melts  to  work  in  conjunction  with  an  electric 
refining  furnace  it  will  unfortunately  be  of  no  use  because  it  will  not  be 
able  to  get  the  slag  reactions  which  are  the  fundamental  principle  on  which 
depends  the  economic  application  of  the  electric  refining  furnace  for  large 
tonnage. 

Dr.  H.  Borns  :  I  am  sorry  that  I  was  not  present  at  the  last  meeting, 
because  I  should  have  liked  to  ask  Mr.  Harden  a  few  questions.  My  point 
is  this.  Mr.  Harden  practically  advocates  a  combination  of  arc  heating  and 
resistance  heating.  But  some  metallurgists,  notably  VV.  Conrad,  do  not 
believe  that  the  molten  iron  in  the  bath  can  to  any  profitable  degree  be 
further  heated  by  the  current  from  electrodes  of  the  second  class.  Conrad 
filled  a  furnace  with  molten  iron,  inserted  electrodes,  and  sent  currents 
through  these  and  the  iron.  The  electrodes  were  rods  of  iron,  and  he  really 
took  resistance  measurements  of  the  molten  iron.  Yet  those  measurements 
showed  that  there  was,  in  his  case,  no  possibility  of  heating  the  fused  iron  ; 
the  cooling  of  the  electrodes  would  have  carried  away  all  the  heat  thus 
introduced.  With  electrodes  of  large  area  and  with  induction  furnaces  the 
conditions  are  no  doubt  more  favourable.  Mr.  Harden  and  Rochling- 
Rodenhauser,  who,  I  believe,  first  applied  the  hearth  electrodes  of  the  second 
class,  will  have  made  experiments.  Can  Mr.  Harden  give  us  particulars  ? 
Has  he  taken  temperature  measurements  ?  As  regards  the  area  of  the 
electrodes,  Mr.  Harden  speaks  of  24  in.  sq.  for  50-ton  and  also  for  30-ton 
furnaces,  which,  I  think,  nobody  has  yet  constructed.  Could  he  state  the 
dimensions  for  5-ton  furnaces  ? 

Mr.  M.  Ruthenburg  said  he  saw  no  advantage  in  tlie  bottom  electrode. 
There  had  been  a  great  deal  of  experimental  work  done  in  connection 
with  bottom  electrodes  at  Niagara,  and  they  had  been  abandoned.  There 
was  no  doubt  that  water  cooling  an  electrode  below  a  furnace  was  liable 
to  be  very  dangerous.  On  the  other  hand,  there  was  no  danger  in  water 
cooling  above,  as  no  harm  would  arise  if  water  came  into  contact  with  the  slag. 

Dr.  J.  A.  Harker  thought  the  Society  was  to  be  congratulated  on 
having  secured  three  such  excellent  papers  for  the  evening's  programme. 

As  regarded  Mr.  Harden's  furnace,  he  would  like  to  ask  him  what  was  the 
conductivity  of  the  side  electrodes  ?  A  great  deal  would  depend  upon  that. 
Furthermore,  what  thickness  were  these,  and  was  it  necessary  that  all  the 
lining  of  the  furnace  should  be  made  of  such  expensive  material  as,  say, 
magnesite  ? 

He  agreed  that  water-cooling  was  a  source  of  trouble,  and  tliat  air-cooling 
was  a  great  advantage. 

He  was  much  interested  in  the  Helberger  furnace.  What  was  the  size  of 
the  crucible  mentioned  on  p.  187  ?  PVom  the  description  given  of  the  furnace, 
it  seemed  difficult  to  know  what  was  happening  in  the  crucible,  and  whether 
it  was  full  or  empty.  He  would  imagine  that  the  conductivity  of  the  crucible 
and  its  contents  would  be  of  some  importance.  A  great  deal  of  the  current 
would  be  short-circuited  through  the  contents  of  the  crucible  unless  it  was 
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made  of  a  material  that  insulated  at  high  temperatures.  In  this  case,  the 
greatest  heat  would  not  be  generated  where  it  was  wanted.  They  had  made 
a  similar  furnace  at  the  National  Physical  Laboratory,  but  had  only  obtained 
a  rather  low  efficiency  in  the  arrangement,  which  was  an  induction  furnace 
in  which  the  usual  crucible  was  replaced  by  a  D-sliaped  piece,  with  water- 
cooled  clamps  at  the  ends  of  the  straight  limb  forming  the  furnace  tube.  On 
the  whole,  it  Iiad  not  been  very  successful,  as  the  design  was  bad  from  an 
electrical  point  of  view  and  the  power  factor  was  low. 

The  Chairman  said  he  would  like  to  add  a  few  remarks  before  calling 
upon  the  author  to  reply  to  the  very  interesting  discussion  which  had  taken 
place. 

Mr.  Harden  had  referred  to  a  trial  furnace  being  built  in  Germany  where 
side  plates  only  were  provided  for.  Did  his  experiments  lead  him  to 
anticipate  that  sufficient  heat  could  be  obtained  in  the  furnace  by  resistance 
alone  ?  It  was  necessary  for  the  steel  bath  to  be  sufficiently  heated  so  that 
the  slag  action  was  rapid  and  effective  ;  but  in  the  resistance  and  induction 
furnaces,  so  far  as  his  experience  went,  it  had  befen  found  impossible  to  get 
sufficient  heat  in  the  slag  to  obtain  the  fluidity  necessai-y  for  rapid  purifica- 
tion ;  this  might  possibly  be  done  in  the  Gin  furnace  with  its  narrow 
channels,  but  this  furnace  was  impracticable  for  other  reasons. 

Mr.  J.  Harden,  in  reply,  said  that  in  answer  to  Dr.  Harker  the  side  plates 
in  the  "  Paragon  "  furnace  were  fairly  good  conductors,  although  not,  of  course, 
as  good  as  metal.  He  had  been  asked  whether  metal  other  than  steel  had 
been  melted.  Tests  had  been  made  in  which  5  kilogrammes  of  copper  had 
melted  utilising  10-15  kilowatts.  With  regard  to  the  use  of  the  side  plates 
only  he  had  tried  this  with  a  small  furnace.  The  experiment  was  very  crude, 
but  he  had  got  good  melts,  and  had  proved  at  least  that  the  charge  could  be 
kept  liquid  by  means  of  side  plates  alone. 

In  answer  to  Mr.  Morrison  the  top  electrode  and  the  side  plate  were  in 
parallel  in  separate  circuits.  The  life  of  the  lining  on  the  side  plates  was  at 
least  as  long  as  that  of  the  other  part  of  the  lining.  It  was  important  that  the 
side  conductors  should  be  large,  a  good  portion  of  the  bath  being  covered  By 
tliem.  It  was  objected  that  this  would  cause  considerable  heat  losses.  He 
would  reply  that  the  efficiency  of  a  lo-ton  Rochling-Rodenhauser  furnace 
using  side  plates  was  60  to  a  maximum  of  72  per  cent. 

In  reply  to  Mr.  Campbell,  he  said  that  the  induction  principle  had  not  been 
abandoned.  The  original  Kjellin  furnace  was  only  invented  for  melting  pure 
Swedish  raw  metal.  In  order  to  carry  out  refining  side  plates  were  added  in 
this  furnace,  and  the  combination  was  quite  satisfactor}^  the  power  factor 
being  higher  than  it  would  be  if  side  plates  alone  were  used.  This  led  to  the 
conclusion  that  side  plates  might  be  used  with  advantage  in  other  furnaces 
than  the  Rochling-Rodenhauser,  and  after  some  trials  this  was  fully  verified  ; 
thus  the  "  Paragon  "  furnace  developed  out  of  the  Rochling-Rodenhauser 
furnace. 

It  is  quite  true  that  if  the  electrodes  could  be  done  away  with  altogether, 
it  would  be  of  advantage  ;  seeing  that  for  certain  purposes  this  is  hardly  alto- 
gether possible,  it  will  at  least  be  appreciated  that  they  can  be  reduced  con- 
siderably in  size  for  a  givbu  output  of  steel,  disregarding  the  cause  of  the  wear 
and  tear.  The  "  pointing  "  of  the  electrodes  need  not  be  very  marked,  if  the 
smelt  is  properly  conducted  ;  this  indicates  that  the  slag  conditions  need  to  be 
rectified,  in  which  case  the  electrode  will  burn  even. 

Heating  of  the  slag  for  the  purpose  of  refining  is  usually  required  by  the 
steel-maker.  But  this  does  not  meay  that  the  whole  of  the  power  need  to  be 
conveved  to  the  charge  through  ttte  slag  bath  as  is  the  case  in  the  "arc" 
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furnace,  and  as  it  is  admitted  that  the  electrodes  generally  are  a  nuisance, 
it  is  desirous  to  at  least  reduce  their  size  as  far  as  possible,  and  it  therefore 
seems  to  me  that  the  heating  from  below  the  bath  is  quite  justilied. 

It  is  quite  significant  that  Mr.  Campbell  mentions  the  refining  in  the 
Siemens'  open-hearth  furnace.  Here  the  refining  is  carried  out  solely  from 
the  surface  of  the  bath,  and  although  this  process  is  giving  a  very  fair  result, 
most  steel-makers  will  probably  agree  that  the  result  could  be  improved. 

The  objection  to  using  six  electrodes  instead  of  three  was  that  it  lead  to 
difficulties  with  the  roof. 

Mr.  Harbord  had  asked  whether  side  plates  alone  would  give  sufficient 
heat  in  a  wide  bath,  narrow  channels  being  ruled  out  by  the  "  pinch  effect." 
He  had  made  a  great  many  experiments  to  find  out  the  action  of  the  side 
plates,  and  he  had  found  that  sufficient  heat  could  be  obtained  with  side 
plates  only. 

With  regard  to  the  suggestion  to  do  away  altogether  both  with  side  plates 
and  electrodes,  it  might  be  of  interest  to  mention  that  a  friend  of  his  had  used 
a  crucible  with  coils  and  had  melted  steel  therein,  merely  by  means  of  the 
eddy  current  in  the  solid  metal.  After  the  recalescence  point  was  reached, 
however,  the  magnetic  properties  of  the  steel  disappeared,  but  still  he  was 
able  actually  to  pour  the  metal.  Of  course,  the  shape  of  the  coils  was  of 
great  importance  here,  and  it  was  necessary  to  have  it  as  close  as  possible 
to  the  crucible.     The  power  factor  was  very  low. 

With  regard  to  the  question  of  degasification.  A  distinguished  metallur- 
gist had  stated  that  the  presence  of  carbide  was  not  absolutely  necessary,  but 
it  was  an  indication  that  all  the  sulphur  had  been  driven  out,  and  the  proper 
temperature  maintained.     Its  further  formation  was  superfluous. 

When  speaking  of  degasification  he  had  in  mind  occulated  CO  and  similar 
gases ;  he  had  not  made  determinations  of  the  nitrogen  in  the  steel. 

With  regard  to  the  Helbcrger  furnace,  Rodenhauser  had  recently  written 
a  book  on  electric  furnaces  in  wliich  he  had  more  or  less  condemned  the  Hel- 
berger  as  a  steel-making  furnace.  This  was  not  fair,  as  the  furnace  had 
proved  to  be  very  valuable  for  making  trial  steel  melts,  especially  alloy 
steels. 

Mr.  Campbell  stated  that  the  furnace  was  of  no  use  to  steel  manufacturers. 
A  year  ago  the  chief  metallurgist  of  the  United  States  Steel  Corporation 
wanted  a  purely  melting  furnace  and  asked  especially  for  one  of  a  type  like 
the  Helberger,  which  was  at  tiiat  time  in  the  experimenting  stage  only.  This 
would  prove  that  the  steel-makers  actually  do  require  such  a  furnace. 

In  reply  to  Dr.  Harker's  question  about  the  Helberger  furnace,  the  crucible 
is  open  at  the  top,  and  access  can  be  obtained  to  the  charge  through  the 
upper  contact  plate,  so  as  to  examine  the  charge,  &c.  The  charge  does  not 
conduct  the  current,  as  has  been  verified  in  many  trials.  The  crucible  is 
lined  in  such  a  way  as  to  prevent  this.  No  "pinch  effect"  is  experienced  in 
this  furnace. 

In  reply  to  Dr.  Borns,  he  wished  to  say  that  he  himself  had  fused  down  a 
charge  with  electrodes,  and,  after  disconnecting  these,  superheated  the  metal 
with  such  "  side  plates "  only,  on  several  occasions.  Furthermore,  he  had 
seen  several  charges  of  ^  tons  actually  melted  down  from  cold  metal,  the 
"  side  plates"  had  been  heated  previously.  This,  he  thought,  would  repudiate 
Mr.  Conrad's  statement,  which  cannot  therefore  have  been  based  on  actual 
experiments.  He  fully  agreed  that  the  trial  carried  out  by  Mr,  Conrad  would 
not  lead  to  a  success ;  owing  to  pending  patent  applications,  their  own 
arrangements  could  not,  however,  yet  be  fully  described,  but  the  said  fact 
remained,  and  he  hoped  to  be  able  to  give  full  details  at  a  later  date.     On 
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these  occasions  a  great  number  of  measurements  were  also  taken,  bearing 
out  the  facts. 

The  carbon  dimensions  for  a  5-ton  3-pliase  furnace  should,  for  practical 
reasons,  be  about  9  in.  by  9  in. 

Referring  to  Mr.  Ruthenburg's  remarks,  the  fact  that  he  simply  states  that 
the  "  bottom  electrodes,"  as  he  calls  this  arrangement,  would  show  no 
advantage  without  giving  logical  reasons  for  such  statements,  shows  that  he 
must  be  unfamiliar  with  this  class  of  design.  In  his — Mr.  Hlirden's — design 
there  is  no  cooling  water  below  the  metal  ;  the  steel  plates  are  cooled  by 
enforced  air-draught.  The  experiments  at  Niagara  prove  nothing,  as  long  as 
it  cannot  be  shown  that  electrodes  and  other  arrangements  identical  with 
those  in  the  "  Paragon  "  furnace  had  been  tried  and  failed.  It  is  clear  that  minor 
details  which  cannot  be  embodied  in  a  paper  like  the  present,  play  a  very 
important  role  in  practice  and  steady  work  on  a  problem  which  is  by  no 
means  a  physical  impossibihty  is  sure  to  lead  to  distinct  results,  and  ought 
not  to  be  treated  slightingly  at  the  onset. 

As  to  the  Chairman's  remarks,  he  wished  to  say  that  trials  were  being 
carried  out  which  so  far  have  proved  very  promising,  but  it  was  too  early 
to  give  any  data. 


PROGRESS  IX  THE  ELECTROMETALLURGY  OF  IRON 

AND  STEEL. 

By  DONALD  F.  CAMPBELL,  B.A.,  A.R.S.M. 

{A  Paper  read  before  the  Faraday  Society,  Tuesday,  October  3,  191 1, 
Mr.  F.  W.  Harbokd.  Vice-President,  in  the  Chair.) 

The  development  of  electrometallurgical  methods  of  smelting  is  prob- 
ably the  most  important  advance  of  recent  years,  both  in  electrical  and 
metallurgical  science.  Although  the  last  few  years  have  seen  the  introduc- 
tion of  few  fundamental  principles  or  processes,  the  all-important  evolution 
from  the  laboratory  to  the  commercial  stage  has,  in  many  cases,  been  accom- 
plished, more  especially  in  the  electrothermic  processes  to  which  I  would 
refer,  and  increase  of  efficiency  and  reduced  cost  of  production  are  the 
problems  receiving  most  attention  at  the  present  time. 

Generally  speaking,  power  supply  is. one  of  the  chief  factors  in  this  work, 
but  this  is  the  case  in  a  varying  degree,  and  we  must  consider  briefly  the 
influence  of  the  various  commercial  factors  which  may  produce  the  maximum 
profit  in  any  electrometallurgical  enterprise,  to  understand  intelligently  the 
distribution  of  the  industry  in  various  parts  of  the  world. 

The  potential  wealth  of  Scandinavia  as  regards  water-power  supply  and 
transport  facilities  is  probably  unrivalled,  and  consequently  the  industries  in 
which  power  is  of  prime  importance  are  highly  developed,  such  as  the 
manufacture  of  nitrates,  cyanamidc,  carbide  of  calcium,  ferro-silicon,  and  the 
smelting  of  refractory  lead-zinc  ores  and  iron  ore.  The  power-cost  factor  in 
the  manufacture  of  these  products  is  high,  and  would  be  quite  prohibitive  in 
any  country  such  as  England,  where  the  price  of  electricity  is  at  least  three 
times  that  of  the  usual  cost  in  Scandinavia. 

The  waterfalls  and  torrents  of  the  Alps  in  Savoy  and  Switzerland  are 
another  source  of  cheap  power,  and  consequently  the  production  of  ferro- 
alloys and  aluminium  is  profitably  carried  on  at  Ncuhauscn,  L'Argentiere, 
and  elsewhere,  the  latter  industry  being  especially  favoured  by  the  proximity 
of  immense  deposits  of  bauxite,  the  ore  from  which  all  aluminium  is  obtained, 
which  occur  near  Marseilles. 

As  types  of  water-power  stations  may  be  mentioned  Trollhiittan  in 
Sweden,  which  already  has  50,000  h.p.  in  operation,  generated  at  10,000  volts 
and  25  periods  by  four  turbines  of  12,500  h.p.  capacity  each,  and  four  units  of 
similar  capacity  are  nearly  completed.  This  station  has  been  built  by  the 
Government  for  general  distribution,  and  power  is  supplied  at  44s.  per  horse- 
power year  for  electric  smelting.  The  usual  power  station  constructed 
exclusively  for  furnace  work  is,  however,  of  a  different  nature,  and  another 
typical  example  may  be  taken  from  L'Argentiere  where  40,000  h.p.  is  developed 
by  machines  of  850  h.p.  and  1500  h.p.,  each  generating  at  the  voltage  required, 
and  direct  connected  to  the  furnace  bus-bars  witiiout  switches,  &c.,  the 
control  being  entirely  at  the  water-gate  of  the  turbine.      Niagara  Falls  is 
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another  important  source  of  power  of  medium  price,  and  the  centre  of  several 
industries,  notably  the  manufacture  of  aluminium,  carbide,  ferro-alloys,  and 
carborundum. 

In  the  case  of  the  electrometallurgy  of  iron  and  steel,  there  are  many 
other  important  factors  in  addition  to  the  cost  of  power-;  but  the  two 
questions  of  smelting  iron  ores  to  make  pig  iron  or  steel  direct  from  ores 
and  the  melting  and  refining  of  steel  possess  fundamental  differences,  and 
must  accordingly  be  considered  separately. 

The  reduction  of  iron  ores  has  only  made  headway  in  Scandinavia 
and  the  Pacific  Coast  of  America,  and,  with  the  possible  exception  of 
Central  Canada,  these  are  the  only  points  at  which  it  is  likely  to  find 
general  application  for  many  years.  Both  these  countries  are  without  coking 
coal,  but  have  large  quantities  of  timber  available  for  charcoal.  On  the 
Pacific  Coast  pig  iron  is  brought  thousands  of  miles  by  train  from  the 
Eastern  States  or  by  sea  from  China,  although  water-power  is  plentiful, 
iron  ore  of  remarkable  purity  is  found,  and  wood  slabs  and  sawdust, 
produced  as  a  waste  product  from  the  saw-mills,  are  available  for  charcoal 
manufacture. 

In  Sweden  large  deposits  of  ore  still  remain,  though  the  price  of  charcoal 
is  increasing  as  the  supply  decreases,  owing  to  the  exhaustion  of  the  forests 
and  the  growing  demand  for  wood-pulp.  The  iron-masters,  having  foreseen 
a  time  when  it  will  be  impossible  to  make  pig  iron  profitably  unless  some 
reduction  in  the,  consumption  of  charcoal  per  ton  of  pig  iron  can  be  made, 
devoted  about  £20,000  for  the  erection  of  works  to  evolve  some  process 
to  overcome  this  unsatisfactory  state  of  affairs. ,  The  electric  furnace  solves 
this  difficulty,  as  charcoal  is  required  only  as  a  reducing  agent  and  not  as 
a  source  of  heat,  so  that  the  consumption  is  reduced  two-thirds  ;  in  other 
words,  the  available  charcoal  will  profitably  smelt  more  than  double  the 
quantity  of  ore  by  the  development  of  the  enormous  possibilities  of  the 
waterfalls  provided  the  power  can  be  produced  at  33s.  per  horse-power 
year  under  the  conditions  and  prices  now  prevailing  for  charcoal  and  pig 
iron.  This  development  will  be  closely  watched  with  the  greatest  interest 
by  political  economists,  as  the  balance  of  power  in  Europe  is  influenced 
by  the  distribution  of  the  world's  iron  and  steel  trades  ;  and  it  is  interesting 
to  note  that  the  prestige  of  nations  varies  with  the  importance  of  tliis 
fundamental  industry,  as  is  exemplified  in  the  high  position  of  Britain  and 
the  growth  of  the  iron  and  steel  trades  of  Germany  in  recent  years. 

That  this  new  development  will  strengthen  Sweden,  especially  in  the 
north,  is  beyond  doubt ;  but  there  is  another  important  development  which 
will  undoubtedly  restore  the  balance  to  a  great  e.xtent,  namely,  the  electric 
refining  of  steel,  which  can  be  carried  on  in  any  country,  irrespective 
of  exceedingly  low  cost  of  power. 

The  position  of  Sweden  has  been  dependent  to  a  great  extent  on  the  fact 
that  the  pig  iron  made  from  local  ores  and  charcoal  is  of  exceptional  purity 
and  commands  a  high  price,  because  it  was  impossible  to  refine  the  steel 
made  from  impure  materials.  The  use  of  the  electric  steel  furnace  is 
removing  this  preference  enjoyed  by  the  Swedish  manufacturer  owing  to 
the  natural  resources  of  his  country,  and  pure  steel  can  now  be  made  by  the 
Germans  from  the  impure  ores  in  Luxemburg,  by  the  French  in  Lorraine,  or 
the  British  in  Cleveland. 

The  results  of  smelting  operations  at  Trollhattan  in  Sweden,  at  Heroult 
in  California  with  2,000-k.w.  furnaces,  and  at  Domnarvet  with  3,ooo-k.w.  fur- 
naces, prove  conclusively  that  this  type  of  furnace  can  compete  profitably 
with  the  small  Swedish  charcoal  bl»6t  furnaces  if  power   costs  less  than  33s. 
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per  kilowatt  year  at  the  present  state  of  our  practice,  and  important 
improvements  arc  to  be  expected,  as  was  the  case  with  the  steel  furnace, 
which  is  in  a  more  advanced  state  of  development.  This  ligure  for  the  cost 
of  power  is  quite  reasonable,  and  leaves  a  margin  of  profit  for  the  power 
company  where  general  conditions  are  favourable.  In  California  the  price  of 
power  is  about  50s.  per  kilowatt  year,  but  the  cost  of  ore  is  lower  and  that  of 
pig  iron  higher  than  in  Sweden.  It  is  interesting  to  note  that  the  furnaces 
developed  independently  at  Heroult,  California,  and  in  Sweden  are  almost 
identical  in  construction,  and  undoubtedly  the  greatest  credit  is  due  to 
the  careful  and  persistent  work  of  the  engineers  in  charge  of  the  operations 
at  these  three  pioneer  works,  and  such  men  as  Noble  and  Ljungberg,  who 
have  had  the  foresight  and  courage  to  supply  the  necessary  capital  to  develop 
this  process  from  a  theoretical  to  a  commercial  and  profitable  basis.  The 
furnaces  are  two  or  three  phase,  and  have  three,  four,  or  six  electrodes.  The 
troubles  at  present  experienced  are  the  difficulty  of  maintaining  a  circulation 
of  gas  in  the  furnace  without  excessive  electrode  consumption  or  other 
means  of  forcing  the  heat  up  the  charge  in  such  a  way  as  to  increase  the 
active  zone  in  the  furnace — in  other  words,  to  avoid,  an  excessive  concen- 
tration of  heat  near  the  electrodes,  and  properly  to  utilise  the  rich  gas  given 
off  from  the  furnace.  Minor  improvements  of  this  character  arc  being 
constantly  made,  and  the  process  generally  improved  thereby. 

The  refining  of  steel  by  electricity  is,  however,  of  even  greater  interest, 
on  account  of  its  high  state  of  development,  wide  application,  and  its 
economic  importance  in  Britain.  A  few  years  ago  the  best  steel  could 
only  be  made  from  the  purest  minerals,  the  domestic  supply  of  which  is 
approaching  exhaustion.  Now  pure  steel  of  excellent  quality  can  be  made 
from  inferior  ores  such  as  those  of  Cleveland  and  Lincolnshire,  and  the  price 
of  power  in  England  is  sufficiently  low  to  make  this  a  profitable  operation. 

Statistics  show  that  the  rate  of  growth  of  electric  refining  has  been  more 
rapid  than  that  of  other  important  processes,  and  the  output  of  electrically 
refined  steel  for  five  important  countries  has  risen  from  approximately 
30,000  tons  in  1908  to  120,000  tons  in  1910,  and  a  further  increase  will 
probably  be  maintained  this  year. 

Perhaps  this  is  due  to  its  varied  application,  as  it  has  been  already  found 
profitable  for  the  manufacture  of  many  classes  of  tool  and  special  steels  and 
castings.  But  the  question  that  is  now  before  progressive  steel-makers  is  of 
much  greater  significance.  Will  the  electric  furnace,  whicii  has  already 
absorbed  over  30  per  cent,  of  the  high-class  steel  trade,  be  applied  generally, 
in  conjunction  with  the  basic  or  acid  Bessemer  converter,  to  compete  with 
open-hearth  steel  in  the  matter  of  cost  ?  At  present  it  can  only  compete 
with  acid  open-hearth  steel  for  price,  though  in  quality  it  is  superior  to 
any  steel  made  by  these  methods,  and  consequently  its  general  adoption 
would  mean  an  improvement  in  quality  which  is  now  so  necessary  to  meet 
the  requirements  of  modern  engineering.  Many  steel-makers  think  it 
impossible,  but  German  and  American  engineers  are  giving  this  problem  the 
most  serious  consideration,  and  several  20-ton  electric  furnaces  are  now 
being  erected  with  complete  confidence  to  prove  the  economy  of  this  very 
application  as  a  duplex  process. 

Owing  to  the  nature  of  the  native  ore  deposits,  Germany  is  dependent  on 
the  basic  Bessemer  process  for  the  production  of  cheap  steel.  Sixty  per  cent, 
of  the  output  is  made  by  this  process,  but  it  is  now  realised  that  the' steel  so 
produced  is  not  sufficiently  reliable  for  modern  requirements,  and  some 
improvement  in  quality  is  essential  if  this  process  of  Thomas  and  Gilchrist  is 
to   survive,  and   several   plants  are  now  adding   electric   refining   to   solve 
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this  difficulty,  which  is  so  serious  to  them  because  97  per  cent,  of  the  steel 
output  is  by  basic  processes,  60  per  cent,  being  Bessemer,  and  37  per  cent, 
open-hearth.  In  America  there  is  no  basic  Bessemer  production,  but  the 
basic  open-hearth  process  accounts  for  59  per  cent,  of  production.  If  the 
electric  furnace  is  generally  adopted  as  an  adjunct  of  the  basic  Bessemer 
process,  its  application  to  Germany's  output  of  steel  alone  would  absorb 
about  250,000  k.w.  per  annum  and  mean  a  wide  application  of  electricity. 

The  generation  of  power  for  steel  works  generally,  and  electric  furnaces 
in  particular,  must  be  briefly  discussed.  The  load  factor  is  high,  and  the 
power  factor  above  '9  in  furnace  work,  so  that  all  machines  can  operate  at 
high  efficiency.  In  a  ioo,ooo-h.p.  central  station  at  one  of  the  works. of  the 
United  States  Steel  Corporation,  where  2,000-k.w.  Heroult  furnaces  are  used, 
gas  engines  using  blast  furnace  waste  products,  supplemented  by  steam 
engines,  are  the  prime  movers.  Similar  furnaces  are  to  be  used  in  a  most 
interesting  works,  which  are  unique  in  England,  because  a  large  rolling  mill, 
blowing  engines,  auxiliary  motors,  electric  and  open-hearth  furnaces  will  all 
be  driven  by  gas  from  the  company's  blast  furnace^  and  by-product  coke  ovens 
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Fig.  4. 


without  the  burning  of  any  other  coal  or  fuel.  Under  such  conditions  the 
cost  of  power  is  under  •25d.  per  kilowatt  hour. 

In  the  case  of  steam  turbines,  which  are  also  used  in  England  for  furnace 
work,  the  cost  is  from  ^-'Sd-.  while  corporation  supplies  are  also  used  at  the 
high  figure  of  •65d.  per  kilowatt  hour. 

The  current  used  in  steel  refining  may  be  single-,  two-  or  three-phase 
and  of  any  commercial  periodicity.  Furnaces  of  2,000-k.w.  capacity  are 
working  with  frequencies  from  25  to  60,  though  modifications  of  design 
are  necessary  for  high  periodicity  if  a  good  power  factor  is  to  be  main- 
tained. • 

The  variations  in  load  have  been  stated  to  be  a  serious  trouble,  and  when 
melting  scrap  on  circuits  used  for  lighting  purposes  this  may  be  the  case, 
though  precautions  can  be  taken  to  overcome  this  trouble,  and  with 
properly  designed  machinery  these  shocks  can  be  practically  absorbed,  and 
the  variations  of  voltage  kept  witliin  the  necessary  limits,  even  with  small 
central  stations. 
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Progress  both  in  the  metallurgical  and  mechanical  details  of  the  steel 
furnace  is  continuous.  Two  years  ago  the  power  consumption  used  for 
molting  and  refining  cold  scrap  under  best  conditions  was  750  kilowatt 
hours  per  ton,  but  one  furnace  in  England  has  required  a  power  consump- 
tion of  only  575  kilowatt  hours  per  ton  for  the  last  527  tons  manufactured. 
The  difliculties  of  making  good  electrodes  have  been  one  of  the  principal 
difliculties,  but  now  a  material  of  excellent  quality  is  obtainable  from  several 
manufacturers,  and  the  consumption  of  carbons  has  undoubtedly  been 
reduced  50  per  cent,  during  the  last  three  years  by  improvements  in  manipu- 
lation and  material,  and  breakdowns  are  no  more  frequent  with  experienced 
men  than  in  the  case  of  the  old-established  processes. 

The  operation  and  design  of  a  steel  furnace  requires  experience  if  satis- 
factory results  are  expected,  and  difficulties  always  occur  when  any  new 
design  or  problem  is  being  worked  out.  The  usual  operation  is  tlie  removal 
of  sulphur,  phosphorus,  and  oxides  from  steel  which  may  or  may  not  be 
previously  melted,  and  the  addition  of  carbon  and  various  alloys.  The 
progress  of  these  reactions  is  shown  diagrammatically  in  the  illustration 
(p.  198),  the  first  part  being  carried  on  with  an  oxidising  slag  and  the  second 
under  reducing  conditions. 

It  must  be  remembered  that  a  large  number  of  engineers  of  the  highest 
technical  training  and  international  experience  are  constantly  engaged  in 
improving  furnace  design  and  metallurgical  methods  on  behalf  of  powerful 
industrial  organisations.  Careful  and  expensive  experimental  work  has  been 
going  on  for  years,  and  many  of  the  furnaces  and  processes,  which  are 
continually  being  patented  and  published,  have  been  tried  and  abandoned  by 
those  controlling  large  electrochemical  works.  Improvement  must  be  sought 
by  increasing  the  general  efficiency  of  the  best  processes  we  have  at  the 
present  time  rather  than  by  radical  changes  in  furnace  construction. 

In  all  questions  of  design  it  is  essential  to  bear  in  mind  first  and  foremost 
metallurgical  requirements,  and  electrical  considerations  always  must  take 
a  secondary  place.  The  neglect  of  this  important  principle  has  caused  the 
failure  of  the  majority  of  the  numerous  furnaces  which  in  recent  years  have 
been  described  in  technical  journals,  but  abandoned  because  they  are  based 
on  incomplete  theoretical  data  with  little  or  no  commercial  practice,  whereas 
the  most  successful  electric  steel  furnace  of  to-day  follows  as  closely  as 
possible  the  best  basic  open-hearth  practice  with  the  simplest  possible 
application  of  electrical  heat  energy. 

DISCUSSION. 

Mr.  W.  Murray  Morrison  (communicated)  :  The  particulars  given  by 
Mr.  Campbell  in  his  paper  are  of  great  interest,  and  serve  to  show  to  what  a 
very  great  extent  the  electrometallurgy  of  iron  and  steel  has  developed 
within  recent  years.  Great  strides  have  been  made  in  that  period,  and  there 
is  no  doubt  that  the  electric  furnace  for  the  production  of  higher  qualities  of 
steel  has  undoubtedly  come  to  stay.  I  should  like  to  ask  Mr,  Campbell  if  he 
can  give  some  figures  showing  the  best  efficiency  attained  to  in  more  recent 
average  working  practice  for  the  electrode  consumption.  The  figures  he 
gives  showing  the  increased  efficiency  attained  to  in  kilowatt  output  show  a 
considerable  advance,  and  I  should  like  to  ask  whether  the  575  kilowatt 
hours  per  ton  to  which  he  refers  is  a  measure  of  the  total  energy  used  for  the 
production  of  the  527  tons  referred  to,  or  whether  this  is  a  mean  figure.  In 
other  words,  is  the  peak  load  considerably  in  excess  of  this  figure,  in  which 
case  a  generator  of  larger  size  would  require  to  be  installed  ? 
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The  curve  which  Mr.  Campbell  showed  on  the  screen  was  most  interest- 
ing. The  great  variation  in  the  purity  of  the  product  both  in  the  case  of  best 
quality  crucible  steel  and  electric  steel  is  marked,  and  in  neither  case  does  it 
appear  to  follow  a  straight  line  law. 

Mr.  M.  Ruthenburg,  referring  to  Mr.  Campbell's  remarks  about  the 
action  of  nickel,  chrome,  sulphur,  and  phosphorus  of  unknown  quantity  in 
scrap  used  in  the  electric  furnace,  said  the  action  was  purely  thermochemical 
and  happened  in  an  opcn-hcarth  or  any  other  furnace.  The  origin  of  the 
scrap  would  tell  pretty  closely  what  its  sulphur  and  phosphorus  contents 
were,  and  if  Mr.  Campbell  had  told  us  how  to  get  the  nickel  out  and  leave 
the  chrome,  there  would  be  something  in  it,  the  facts  being  that  he  could 
not  do  otherwise  than  what  he  did. 

Mr.  Ernest  P.  Hollis  said  with  regard  to  the  power  costs  quoted  by 
Mr.  Campbell,  he  pointed  out  that  in  his  experience  authors  of  papers  inad- 
vertently did  our  country  an  injustice  when  they  compared  costs  in  this 
country  and  abroad.  We  could  generate  power  from  coal  in  this  country 
at  a  cost  which  would  compare  very  favourably  with  power  generated 
from  coal  in  any  part  of  the  world,  and  also  with  all  but  the  most  easily 
developed  waterfalls.  Mr.  Campbell's  lowest  American  costs  were  o'25d. 
per  kelvin,  but  power  had  been  supplied  for  electrochemical  work  in  this 
country  at  G*i65d.  per  kelvin  for  many  years  now,  and  probably  the  lowest 
price  at  which  it  was  now  being  sold  here  was  o-id.  per  kelvin.  Those  costs 
were  obtained  solely  by  intelligently  designed  power  houses  with  first 
costs  of  ;^7  los.  per  kilowatt  and  by  most  economical  working,  and  were 
not  due  to  any  favourable  buying  of  by-product  gases. 

A  furnace  with  a  high  power  factor  would  be  most  favourably  received 
by  the  supply  authorities.  If  large  groups  of  furnaces  were  installed  with 
a  low  power  factor,  then  the  price  of  power  would  be  somewhat  increased 
since  the  low  power  factor  would  entail  the  provision  of  rotary  condensers 
{i.e.,  over-excited  synchronous  motors)  in  order  to  correct  it. 

Mr.  Donald  F.  Campbell,  replying  to  Mr.  Ruthenburg,  said  that  his 
remarks  referred  to  charges  consisting  of  nickel-chrome  turnings  without 
any  addition  of  pig  iron  or  other  scrap,  which  charge  could  not  be  treated  in 
the  open-hearth  furnace  ;  whereas  in  the  electric  furnace  a  far  greater 
control  could  be  obtained  and  the  greater  part  of  the  chromium  eliminated 
or  retained  in  the  bath,  according  to  the  oxidising  or  reducing  nature  of 
the  slags  used. 

Replying  to  Mr.  Hollis,  he  was  aware  that  power  could  be  obtained  on  the 
north-east  coast  at  the  figure  mentioned,  but  he  thought  it  possible  that  some 
of  the  companies  were  selling  power  at  less  than  the  true  cost.  The  figure 
he  mentioned  referred  to  power  obtained  from  blast  furnace  gases,  where  the 
blast  furnaces  are  properly  credited  for  the  gas  used  and  all  other  charges. 
Although  many  power  stations  claimed  to  produce  power  at  o'id.  by  gas 
engines  and  blast  furnace  gas,  he  considered  it  only  proper  that  the  blast 
furnaces  or  coke  ovens  should  be  credited  with  a  reasonable  amount  as  the 
value  of  the  gas  suppHed. 

He  stated  that  a  properly  designed  and  operated  electric  furnace  might 
have  a  power  factor  of  0-9  an^  a  load  factor  of  85  per  cent.,  whereas  the 
load  factor  on  an  ordinary  lighting  circuit  was  under  20  per  cent.,  and  that 
the  electric  furnace  was  a  very  desirable  load  for  the  power  station. 

Mr.  Kilburn  Scott's  statement  with  regard  to  the  sluggish  motion  of  steel 
in  an  arc  furnace  did  not  appeal  to  him,  as  there  was  more  motion  than  in  the 
case  of  the  open-hearth  furnace.  This,  indeed,  appeared  in  all  types  of 
electric  turnace,  and  there  was  sulTlScient-  motion  for  the  refining  action,  but 
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not  sufficient  to  introduce  any  danger  of  oxidation,  as  one  would  expect 
with  a  furnace  sucli  as  Mr.  Kilburn  Scott  described,  in  which  the  steel  some- 
times rose  to  an  angle  of  45°. 

Some  criticism  had  been  made  about  the  trouble  of  electrodes,  but  he 
observed  with  regret  that  electrodes  had  not  been  eliminated  in  the 
"  Paragon  "  furnace.  It  was  true  that  they  were  much  smaller,  but  the  con- 
sumption of  carbon  was  not  proportional  to  the  size,  because  about  half  of 
the  consumption  was  due  to  disintegration  and  pointing  of  the  ends,  and  this 
loss  would  be  nearly  as  great  in  the  small  as  in  the  large  electrodes.  A 
further  advantage  in  large  electrodes  was  the  more  extensive  slag  area 
exposed  to  the  arc.  It  had  been  stated  that  the  great  disadvantage  of  the  arc 
furnace  was  the  cost  of  roof  repairs.  In  the  case  of  the  roof  of  a  furnace 
which  was  removed  a  few  days  ago,  eighty-six  heats  of  2-6  tons  had  been 
made  under  the  one  roof  at  a  cost  of  only  2Ad.  per  ton  of  steel  for  roof 
repairs,  and  this  was  due  to  the  fact  that  the  roof  is  protected  to  a  great  extent 
from  the  direct  radiation  of  the  arc  by  the  electrodes  themselves. 

Mr.  Morrison  asked  the  method  of  arriving  at  the  figure  of  575  kilowatt 
hours  power  consumption  per  ton  of  steel  mentioned  in  the  paper.  This 
refers  to  the  mean  kilowatt-hours  per  ton  of  steel  measured  on  the  furnace 
busbars,  used  during  the  manufacture  of  527  tons  of  steel.  The  average 
kilowatts  used  is  approximately  400  k.w.  with  a  furnace  of  2^  to  3  tons 
capacity.  A  good  generator  of  400  k.w.  will  stand  any  overload  which  may 
occur,  as  this  will  not  exceed  an  instantaneous  overload  of  60  per  cent, 
maximum,  the  duration  of  the  variations  being  exceedingly  short. 

Mr.  Harden  has  discussed  the  question  of  roof  repairs  as  being  a 
disadvantage  in  arc  furnaces,  but  in  the  case  of  a  Heroult  furnace,  where 
direct  radiation  of  the  arc  is  screened  from  the  roof  by  the  electrode 
itself,  that  is  not  a  serious  item,  and  will  not  exceed  2^d.  per  ton  of  steel, 
even  in  small  furnaces. 


THE    HERING   "PINCH    EFFECT"    FURNACE. 

By  E.    KILBURN   SCOTT,   M.ITIE.,   A.M.Inst.C.E. 

(4  Paper  read  before  the  Faraday  Society,  Tuesday,  October  3,  191 1 
Mr.  F.  W.  Harbord,  Vice-President,  in  the  Chair.) 

The  "pinch  phenomenon,"  was  first  noticed  in  connection  with  electric 
furnaces  by  Mr.  Carl  Hcring.  It  may  be  defined  as  a  contraction  of  the 
cross-section  of  a  liquid  conductor  through  which  current  is  passing,  the 
contraction  being  due  to  an  electromagnetic  force  which  acts  from  the  cir- 
cumference to  the  centre.  Under  certain  circumstances  this  contraction  or 
pinching  may  be  sufficient  to  completely  rupture  the  circuit. 

Mr.  Hering  discovered  this  phenomenon  when  working  on  a  furnace  in 
which  it  was  a  distinct  disadvantage  to  have  it.  He  therefore  set  to  work  to 
find  out  how  it  could  be  made  useful,  and  the  result  has  been  the  further 
discovery  of  a  valvcless  electromagnetic  pump.  The  principal  patent  claim 
(there  are  thirty-four  claims)  reads  as  follows  : — 

"  For  an  electric  furnace,  a  hearth  for  containing  a  mass  of  molten  material, 
columns  or  channels  connecting  with  said  hearth  and  adapted  to  be  filled 
with  molten  material  in  communication  with  said  molten  mass  to  constitute 
the  furnace  resister,  and  electrodes  in  end-on  communication  with  safd 
columns  or  channels,  the  square  of  the  current  transmitted  through  said 
electrodes  to  the  molten  material  in  said  columns  or  channels  with  relation 
to  the  cross-section  of  said  columns  or  channels  being  great,  whereby  said 
mass  of  molten  material  is  automatically  stirred." 

Fig.  I  represents  the  cross-section  of  two  liquid  conductors  A  A  sur- 
rounded by  non-conducting  material,  BE.  The  current  enters  and  leaves  by 
water-cooled  electrodes  CC,  D  being  the  transformer.  Assuming  for  the 
moment  that  each  liquid  conductor  is  made  up  of  a  number  of  elemental 
conductors,  these  will  be  attracted  together  in  accordance  with  the  so-called 
law  that  "  like  currents  attract."  Circulation  of  the  liquid  is  therefore  set 
up,  as  shown  by  the  arrows,  by  the  liquid  moving  from  the  circumference  to 
the  centre.  As  one  end  of  the  hole  is  stopped  up  by  the  electrode  any 
pressure  set  up  can  only  be  relieved  by  the  liquid  moving  upwards  as  a 
fountain,  and  that  is  what  actually  happens. 

It  may  be  interesting  to  note  that  when  in  Sydney  the  writer  saw  a  metal 
pipe  which  had  been  struck  bylightning.  The  great  inward  pressure  due  to 
the  current  travelling  along  the  pipe  had  completely  collapsed  it.  It  was  not 
simply  flattened,  but  had  crinkled  all  round. "^^  Again,  it  may  have  only  been 
an  accident,  but  about  nine  years  ago,  when  making  calcium-carbide,  the 
writer  noticed  that  the  blocks  generally  came  out  of  the  furnace  smaller  in 
section  at  the  middle  than  at  the  tnds. 

•  Sec  Proc.  of  Royal  Society  of  New  South  Wales,  vol.  locxix.,  p.  131  (1905). 
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Messrs.  Leeds  and  Northrup  make  an  ammeter  for  very  large  currents 
which  works  by  means  of  the  pinch  phenomenon  on  a  column  of  mercury.* 

The  furnace  may  be  a  tiltinj^  one  (as  shown  in  Fig.  2),  or  there  may  be 
a  tapping-liole  just  above  the  top  of  the  resistor  tubes.  In  any  case,  the 
resistor  tubes  must  not  be  emptied,  and  sufficient  metal  must  be  left  in 
the  bottom  of  the  furnace  to  connect  them  across. 

As  Fig,  2  is  drawn  to  scale,  it  shows  very  clearly  how  small  tiic  two 
electrodes  are,  compared  witli  the  bulk  of  the  furnace.  It  also  shows  how 
the  electrodes  are  inclined,  this   being  done  in  order  to  squirt   the   metal 


Fig.   I. 


against  the  blanket  of  slag  at  an  angle,  to  produce  good  circulation  and  to 
expose  a  larger  surface  of  metal  to  the  slag  action. 

Stirring  Action. — Looking  at  the  top  of  the  charge,  its  appearance  is  some- 
what similar  to  rapid  boiling  of  water  at  two  spots  where  heat  is  localised, 
but,  of  course,  there  is  no  noise.  Also  there  are  no  bubbles  unless  the  charge 
contains  gases  or  volatile  matter. 

In  some  cases  the  agitation  at  the  top  of  the  metal  charge  is  so  great  that 
the  surface  is  inclined  at  45  degrees.  The  suction  down  into  the  bottom  of 
the  resistance  tubes  is  also  considerable,  and  on  one  occasion  air  was  drawn 
in  through  a  leaky  tap-hole  with  a  whistling  noise. 

It  should  be  noted  that  the  heating  is  entirely  effected  at  the  bottom  of 
the  charge,  and  the  circulation  from  there  is  in  a  natural  direction  upwards. 
Heat  is  thus  transferred  to  the  whole  of  the  charge  by  a  vigorous  stirring,  and 
not  by  mere  conduction. 

Electrodes. — The  electrodes  are  usually  made  of  tlie  same  metal  that  is 

•  Sec  Physical  Review,  June,  1907,  also  Journal  of  American  Elcclrochcmical 
Society,  May,  1909. 
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being  melted.  The  sections  of  the  electrodes  and  the  current  that  passes 
are  so  proportioned  that  the  ends  of  the  electrodes  are  raised  to  a  temperature 
as  nearly  as  possible  equal  to  the  temperature  of  the  molten  charge. 

The  problem  was  to  find  conditions  that  give  lowest  heat  losses,  and 
this  Mr.  Carl  Hering  has  found  to  be  when  the  section  and  length  of 
the  electrode  are  such  that  the  current  heats  the  hot  end  of  the  electrode 
exactly  to  the  furnace  temperature.  An  electrode  should  be  a  good  electrical 
conductor  to  reduce  the  loss  of  energy  due  to  electrical  resistance  ;  on  the 
other  hand,  good  electrical  conductors  are  as  a  rule  also  good  heat  conductors  ; 


Fig.  2. — Tilting  Furnace  fitted  with  two  "  Pinch  Effect "  Electrodes. 


they  thus  tend  to  conduct  heat  away  from  the  inside  of  the  furnace  where  the 
heat  is  wanted.  Increasing  the  cross-section  reduces  the  former  loss  but 
increases  the  latter,  while  increasing  the  length  does  the  reverse.  In  the 
Hering  furnace  no  heat  is  abstracted  by  the  electrodes  from  the  charge  in  the 
furnace,  the  entire  loss  of  heat  energy  being  thus  only  that  portion  generated 
in  the  electrodes.  This  is  the  condition  under  which  the  total  loss  of  energy 
is  lowest,  for  under  any  other  conditions  the  total  combined  losses  will  be 
greater  and  the  electrodes  will  either  chill  the  furnace  product  or  develop 
excessive  heat  where  they  pass  through  the  walls. 

Of  the  various  materials  for  electrodes  Mr.  Hering's  experience  goes  to 
show  that  metal  electrodes  are  distinctly  cheaper  and  more  economical  in 
energy.  Copper  is  the  best  and  iron  nearly  as  good  ;  gas  carbon  is  the 
worst,  graphite  being  onl)'  slightly  better  than  gas  carbon. 

The  electrodes  being  small  and  out  of  the  way  do  not  affect  the  size  and 
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shape  of  the  furnace,  as  is  the  case  with  other  types  of  furnaces.  Waste 
space  in  a  furnace,  and  electrodes  that  arc  too  large,  diminish  the  efficiency 
ver}'  considerably. 

Refractory  Lining.— As  the  hottest  metal  flows  up  the  centre  of  the  resistor 
tube,  the  lining  docs  not  have  to  withstand  the  greatest  heat.  Again,  there  is 
very  little  eroding  action  due  to  friction  on  the  wall,  because  the  pinch  effect 
tends  to  pull  the  metal  away  from  tlie  lining  ;  indeed,  it  tends  to  form  a 
vacuum  there.  This  is  just  the  opposite  to  some  furnaces,  where  the  circula- 
tion of  the  molten  metal  has  given  trouble  by  eroding  the  lining. 

Alundum,  which  is  made  by  fusing  bauxite  in  the  electric  furnace,  has 
been  used  for  the  lining.  Magnesite  powder  is  now  employed  ;  it  is  packed 
in  whilst  in  plastic  condition,  and  forms  an  extremely  hard  and  smooth 
glossy  surface  after  being  heated. 

Action  of  Slag. — The  rapid  circulation  obtained  in  the  furnace  allows 
chemical  changes  to  take  place  rapidly,  and  this  means  great  economy  in 
time.  The  maximum  temperature  at  any  point  does  not  need  to  be  much 
above  the  normal.  In  other  furnaces  where  circulation  is  sluggish 
the  temperatures  in  the  charge  vary  a  good  deal.  To  allow  for  effective 
action  of  the  slag  it  is  important  that  the  hottest  metal  should  impinge 
directly  on  it.  This  is  just  exactly  what  takes  place  in  the  Hering  furnace,  for 
when  it  leaves  the  centre  of  the  tube,  the  heated  metal  is  forced  up  against 
the  blanket  of  slag.  Reaction  with  the  slag  is  an  essential  factor  in  many 
processes,  especially  in  steel-making. 

Current. — Regarding  the  amount  of  current  required,  it  may  be  mentioned 
that  a  furnace  having  resistor  tubes  only  ^-inch  diameter  and  4  inches  deep, 
with  metal  about  2  inches  deep  over  the  tops  of  the  tubes,  took  3,000  amperes 
at  5  volts.  Starting  from  cold,  in  a  short  while  the  metal  was  dull  red,  and 
when  the  current  reached  5,000  amperes  the  squirting  action  was  very  active. 

For  such  low  voltages  and  large  currents  the  homopolar  direct-current 
dynamo  is  excellently  suited,  and  as  an  efficient  and  mechanical  design  is  now 
available,  there  is  no  reason  why  this  type  should  not  be  used. 

The  pinch  effect  varies  directly  as  the  square  of  the  current  and  inversely 
as  the  section  of  the  conductor,  Mr.  Carl  Hering's  formula  being  as 
follows  : — 

P  =  -00000002248  -F-  ; 

where — 

P  =  pounds  per  square  inch  ; 

S   ^  square  inches  ; 

C  =  current  in  amperes. 

Power  Factor. — It  should  be  noted  that  the  furnace  will  work  with  either 
direct  or  alternating  current,  because  the  direction  of  flow  of  the  liquid  in  the 
resistor  tube  is  independent  of  the  direction  of  the  current.  The  pinch 
effect  is  also  the  same.  Three-phase  currents  can  be  used,  there  being  then 
three  electrodes  instead  of  two  and  each  resistor  one-third  shorter  for  the  same 
current.  With  alternating  current  the  power  factor  can  be  very  high  indeed, 
practically  unity,  and  in  this  respect  the  Hering  furnace  is  sharply  marked 
out  from  induction  furnaces,  which  have  a  low  power  factor.  In  the 
latter  the  power  factor  may  be  07  to  o'8  with  25  cycles,  but  only  by  using 
some  extraneous  and  expensive  device,  such  as  an  over-excited  motor- 
generator.  Again,  the  frequency  can  be  anything  that  is  used  in  everyday 
practice;  it  need  not  be  specially  low.  As  a  consequence  standard  electrical 
machinery  can  be  used  for  the  Hering  furnace. 
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Self-regulation. — One  feature,  which  may  turn  out  to  be  a  very  important 
one,  is  that  if  the  electrode  is  made  of  the  same  material  as  the  resistor  the 
furnace  tends  to  be  self-regulating  as  to  temperature.  Thus,  when  the 
temperature  increases,  the  electrodes  automatically  become  longer  and  the 
resistor  column  therefore  shorter,  whereby  less  heat  will  be  generated. 
The  reverse  also  holds  good.  The  place  where  the  electrode  ends,  and  the 
resistor  column  begins  is  that  plane  across  which  no  heat  flows ;  the  heat 
generated  above  this  point  going  out  to  the  furnace,  and  the  heat  below  going 
to  the  terminal.     The  plane  will  of  course  move  automatically  up  or  down. 

The  heat  may  be  regulated  with  great  nicety  to  suit  the  metallurgical 
requirements.  This  is  not  so  in  the'  arc  furnace  where  the  temperature  is 
frequently  much  higher  than  is  necessary  wlien  the  melting  is  done  in  an 
induction  furnace. 

Excessive  Pinch  Effect. — One  criticism  that  has  been  made  is  that  the 
pinch  effect  may  be  too  great  and  the  continuity  of  the  liquid  conductor  be 
broken.  This,  however,  is  only  a  matter  of  correct  proportioning  of  the  size 
of  the  resistor  tube  and  the  amount  of  current.  '  It  may  be  mentioned  that 
Mr.  Hering  has  several  times  allowed  the  metal  in  the  resistor  tubes  to 
cool  and  harden  overnight,  and  then  found  that  he  could  start  up  next  day 
from  the  cold  state.  This  showed  that  the  metal  had  not  broken  apart  in 
the  shrinking. 

Some  metals  pinch  off  more  readily  than  others.  For  example,  in  the 
induction  furnace,  aluminium,  because  it  is  light,  pinches  off  with  a  current 
only  a  little  higher  than  that  required  to  melt  it.  But  this  only  me?.ns  that 
greater  care  must  be  exercised  in  proportioning  the  resistors  and  depth  of 
metal  in  the  Hering  surface. 

Large  versus  Small  Furnaces. — It  is  interesting  to  note  that  some  inventions 
and  developments  which  work  well  on  a  small  scale,  will  not  do  at  all  on  a 
large  scale.  On  the  other  hand,  other  inventions  give  the  best  results  on  a 
large  scale.  In  this  respect  the  Hering  furnace  is  on  the  right  side,  as  it 
promises  to  give  best  results  for  large  furnaces,  because  the  resistor  tubes 
can  then  be  shorter  and  of  large  diameter.  In  furnaces  where  the  resistor 
tubes  are  of  small  diameter,  a  slight  increase  in  current  may  pinch  off  the 
column,  but  in  furnaces  with  larger  columns  there  is  not  that  risk.  Indeed, 
the  pinching  pressures  may  be  enormous  without  danger  of  discontinuity. 

Melting  Non-conductors. — But  it  may  be  asked,  how  are  materials  which 
when  melted  are  non-conductors,  to  be  dealt  with  ?  The  answer  is,  by  means 
of  a  bath  of  suitable  metal  kept  molten  in  the  bottom  of  the  furnace,  e.g., 
glass,  or  whatever  non-conductor  it  was  required  to  melt,  would  be  placed 
over  the  metal.     The  non-conductor  does  not  enter  the  resistance  tube. 

Zinc  and  arsenic  ores  can  be  tackled  in  a  similar  way,  and  it  is  worthy  of 
notice  that  it  is  not  so  easy  to  treat  such  materials  in  an  arc  furnace. 

Smelting  Iron  Ore.— In  his  patent  specification  Mr.  Hering  makes  the 
valuable  suggestion  of  a  double  furnace  for  making  steel  direct  from  the  ore. 
He  proposes  to  dissolve  carbon  in  the  iron  in  one  part  of  the  furnace  and  the 
oxide  in  another.  The  carbon-monoxide  gas  given  off  can  also  be  burned  to 
pre-heat  the  ore,  thus  making  use  of  the  total  energy  of  the  carbon. 

One  feature  which  above  aH  others  will  surely  appeal  to  iron-  and  steel- 
makers is  that  the  furnaces  are  very  little  if  any  different  from  those  they 
have  been  accustomed  to.  In  the  past,  electric-furnace  working  has  been 
handicapped  to  some  extent  by  the  unusual,  not  to  say  complicated,  designs 
which  engineers  have  hitherto  put  forward.  This  objection  cannot  be 
brought  against  the  Hering  pinchj^ect  furnace. 

So  far  as  heat  loss  is  concerned  a  section  of  a  sphere  gives  the  smallest 


THE    HERING   "PINCH    EFFECT"   FURNACE         207 

area  from  wliich  heat  can  be  radiated.  A  square-shaped  hath  is  next,  and  tlie 
rectangular  shape  a  bad  third.  But  the  worst  form  of  all  is  the  long,  winding, 
narrow  channel  of  tiie  induction  furnace.  Considered  from  the  economy  of 
heat  point  of  view,  nothing  could  be  worse. 


DISCUSSION. 

Dr.  Carl  Hering  (Philadelphia,  U.S.A.),  wrote  that  he  was  pleased 
to  note  that  the  subject  of  his  furnace  was  considered  as  of  sufficient  interest 
to  bring  before  the  Faraday  Society. 

Concerning  Mr.  Kilburn  Scott's  interesting  observation  in  the  calcium 
carbide  furnace,  he  thought  it  exceedingly  likely  that  the  peculiar  shape 
of  the  chunks  was  due  to  pinch  effect,  as  it  was  quite  a  powerful  force  under 
proper  conditions,  and  w^ould  be  quite  likely  to  give  a  plastic  conductor  such 
a  shape  as  mentioned. 

During  the  summer  he  had  worked  out  a  modified  form  of  furnace,  better 
adapted  to  small  sizes  than  the  original  one.  He  had  also  made  a 
number  of  tests  in  which  the  parties  who  have  the  rights  to  his  furnace  are 
interested,  the  work  being  confined  more  to  trying  metallurgical  processes 
than  to  the  development  of  the  furnace  itself.  He  ran  it  repeatedly,  day 
after  day,  without  having  any  trouble  ;  in  fact,  it  ran  beautifully  and  gave 
far  better  results  in  quick  melting  of  cold  metal  than  he  had  any  idea  it 
would  give.  Although  a  poorly  constructed  affair,  as  far  as  heat  economy  was 
concerned,  and  tlie  transformer  used  was  for  an  entirely  different  purpose, 
yet  he  had  no  difficulty  in  melting  down  the  charge  when  he  filled  the  crucible 
completely  to  the  top. 

He  had  built  a  number  of  small  temporary  furnaces  for  the  purpose  of 
getting  data,  trying  out  .various  metallurgical  processes,  and  to  satisfy 
capitalists  that  it  was  a  commercial  proposition.  This  they  were  now  satisfied 
with,  and  they  had  contracted  for  the  rights  not  only  of  the  United  States, 
but  for  all  the  foreign  countries  besides.  This  he  thought  would  show  that 
those  supplying  the  money  were  satisfied  that  it  was  a  commercial  pro- 
position, and  not  merely  a  laboratory  toy. 

He  had  melted  steel  without  any  difficulty,  and  gotten  it  very  liquid  ;  this, 
in  fact,  was  easier  than  many  of  the  other  metals  and  alloys,  as  the  propor- 
tions were  better  for  steel  than  for  the  low-resistance  alloys.  He  had 
therefore  been  carrying  out  many  of  his  tests  under  more  unfavourable  con- 
ditions than  those  for  steel-making.  For  this  reason  he  felt  that  the  furnaces 
would  run  better  in  larger  sizes  for  steel.  In  the  small  sizes  with  which  he 
had  been  experimenting,  the  resistors  were  small,  and  at  first  gave  rise  to 
troubles  on  account  of  that.  With  larger  furnaces  the  resistors  become 
much  larger,  and  when  the  hydraulic  pressure  in  the  crucible  due  to  the 
head  of  the  metal  was  sufficiently  great,  the  operation  was  very  smooth 
running. 

In  melting  steel,  a  carbon  rod  held  in  front  of  one  of  the  squirting  tubes 
dissolved  like  a  stick  of  candy  in  hot  water  ;  on  the  other  hand,  iron  ore 
placed  on  this  carbonised  iron  gave  off  enormous  volumes  of  gas,  showing 
that  the  ore  was  being  reduced  by  the  carbon  in  the  iron,  just  as  in  the 
open-hearth  process.  With  this  combination,  he  proposed  to  use  the  furnace 
for  the  reduction  of  iron  ore,  and  it  was  likely  that  there  would  be 
advantages  over  the  blast  furnace.  By  placing  the  squirting  tubes  tan- 
gentially,  the  mass  of  molten  iron  may  be  kept  in  a  rotary  motion.  Then, 
if  the  charge  was  divided  by  a  p.irtition,  which  need  not  reach  down  to 
the    liquid,  the  carbon  being   on   one   side  and   the   ore  on  the  other,  the 
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carbon  would  dissolve,  and  the  ore  be  reduced.  The  carbon  monoxide 
set  free  would  be  burnt  with  tuyeres  in  the  ore  chamber  only,  burning 
into  carbon  dioxide,  thus  pre-heating  the'  ore,  and  giving  up  all  of  its  heat 
This  cannot  be  done  in  the  blast  furnace  because  the  carbon  mixes  with 
the  ore,  and  reduces  the  CO3  back  to  CO.  He  was  able  to  do  it  because 
he  could  keep  the  molten  iron  rotated  so  that  every  particle  would  come 
alternately  under   the   carbon   and   under  the  ore. 

This  process  of  reducing  ore  has  not  been  emphasised  in  any  publica- 
tion so  far,  although  mentioned  in  the  patent.  The  system  approaches 
theoretical  perfection,  as  there  would  be  practically  no  energy  in  the  flue 
gases,  and  therefore  no  expensive  hiachinery  to  install  to  utilise  such  waste 
energy.  The  furnace  was  the  best  place  to  utilise  all  the  heat.  The  next 
time  he  ran  steel  in  his  furnace  he  hoped  to  be  able  to  try  out  the  com- 
bination. He  had  done  every  operation  separately,  and  saw  no  reason  why 
they  should  not  operate  together. 

He  was  glad  Mr.  Kilburn  Scott  had  emphasised  that  the  furnace  will 
appeal  to  the  ordinary  steel-makers,  as  it  enabled  them  to  use  furnaces  that 
they  had  been  accustomed  to.  This  he  also  appreciated,  and  he  called 
attention  to  the  fact  that  his  furnace  could  be  added  to  the  existing  open 
hearth  furnaces  to  advantage.  The  feature  which  seemed  to  appeal  most 
strongly  to  all  practical  steel-makers,  and  which  they  had  expressed  to  him 
repeatedly,  was  the  thorough  mixing.  It  was  not  possible  to  accomplish 
this  so  thoroughly   in  any  other  existing  furnaces,   electric  or  fuel. 

Concerning  the  question  as  to  the  largest  size  furnace  yet  used,  he 
could  only  repeat  that  he  had  been  experimenting  with  rather  small 
ones.  He  was  now  negotiating  for  large  ones,  and  would  probably  soon 
have  some  in  operation.  He  had  had  to  determine  many  constants  in 
order  to  design  a  larger  one  properly.  Among  these  was  the  electrical 
resistivity  of  steel  and  other  alloys,  the  data  for  which  did  not  exist.  For 
these  experiments  special  furnaces  had  to  be  built  and  then  pulled 
down  after  the  constants  were  determined,  in  order  to  determine  others. 
This  took  much  time,  as  every  furnace  must  be  dried  out.  At  present  he  had 
in  hand  the  construction  of  several  i  and  5-ton  furnaces,  and  even  a  lo-ton 
furnace,  to  be  operated  on  a  commercial  scale.  Regarding  the  sizes  of  the 
resistor  tubes,  there  are,  of  course,  an  infinite  number  of  sizes  which  could 
be  given  to  the  resistors  for  a  given  furnace,  and  it  was  thus  impossible  to 
state  any  fixed  sizes.  Nor  would  it  be  w^ell  to  publish  any  such  sizes,  as  others 
might  then  experiment  with  them,  and  not  knowing  the  properties  of  the 
pinch  effect,  &c.,  might  make  failures,  and  then  blame  the  furnace.  Their  size 
also  depends  greatly  on  the  resistivity  of  the  steel,  and  the  value  of  this  is 
only  known  approximately.  For  a  furnace  of  i  or  2  tons,  however,  the 
resistor  tubes  would  probably  be  2  or  3  inches  in  diameter. 

Concerning  the  material  for  the  tubes,  he  had  used  magnesite  and 
alundum,  and  while  he  had  had  good  results,  he  was  open  to  consider 
the  use  of  other  materials.  He  would  probably  use  the  electrically  calcined 
magnesite  for  the  next  furnace,  as  suggested  by  Mr.  Kilburn  Scott.  The 
lining  of  the  resistor  tubes  is  tamped  in  around  a  casting  when  in  a  plastic 
condition  ;  it  thus  forms  part  6f  the  general  refractory  lining  of  the  furnace. 
Any  dirt  in  the  metal  is  brought  to  the  top  by  the  upward  circulation.  It 
stays  there,  collecting  in  little  whirlpools  where  the  metal  is  sucked  down, 
and  it  is  quite  surprising  what  a  lot  of  such  dirt  will  come  out  of  apparently 
clean  metal.  Steel  is  apt  to  contain  mechanically  suspended  impurities,  such 
as  small  pockets  -of  slag,  oxidcs^^ases,  or  gas-producing  impurities,  which 
tend  to   form  blow-holes,  &c.     With  pinch  effect  electrodes  all   these  are 
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rapidly  brought  to  the  surface  by  upward  circulation,  and  may  then  lic  readily 
removed.  It  had  been  suggested  to  call  this  "boiling"  tiie  dirt  out  of  the 
metal,  and  it  was  believed  that  such  "boiled"  metal  would  be  entirely  freed 
from  troublesome  mechanically  suspended  impurities. 

A  blow-hole  in  the  usual  steel  may  be  due  to  a  particle  of  oxide  of  iron 
coming  into  contact  with  a  particle  of  highly  carbonised  iron,  thus  developing 
gas.  With  the  metal  made  thoroughly  homogeneous  it  was  not  likely 
to  occur.  Again,  some  alloying  metals  tend  to  sink,  while  others  tend  to 
rise  ;  the  circulation  in  the  pinch  effect  furnace  can  be  made  so  energetic  that 
such  segregation  cannot  take  place. 

The  possibility  of  forcing  a  large  amount  of  heat  into  the  metal  quickly 
gives  it  a  great  advantage  over  arc  and  induction  furnaces.  In  the  arc 
furnace  the  heat  received  by  the  metal  was  mostly  by  radiation,  and  it  dis- 
tributes itself  through  the  mass  by  conduction,  a  slow  process  that  cannot 
be  hastened  by  increasing  the  input.  The  agitation  produced  by  the 
sputtering  of  the  arc  aids  it  somewhat,  but  that  is  not  a  true  circulation. 
Moreover,  heat  does  not  readily  travel  downwards  in  a  liquid,  yet  that  was 
what  it  must  do  in  an  arc  furnace  for  molten  metals.  On  the  other  hand, 
in  an  induction  furnace,  any  forcing  of  the  heating  causes  rupture  of  the 
circuit  by  reason  of  the  pinch  effect. 

Mr.  E.  Kilburn  Scott  had,  without  any  assistance  from  himself  (Mr, 
Hering),  given  such  an  able  and  intelligent  description  of  the  salient  features 
of  the  furnace  that  there  was  little  left  to  add.  Time  would  show  whether 
the  furnace  would  turn  out  better  than  existing  electric  furnaces.  There  was 
certainly  every  promise  of  it.  Shortening  the  time  of  the  refining  pro- 
cess was  of  far  greater  importance  in  an  electric  than  in  a  combustion 
furnace,  as  it  cuts  down  the  energy  cost  in  direct  proportion.  He  there- 
fore believed  that  the  cost  of  refining  would  be  very  materially  reduced 
and  the  tonnage  output  of  a  given  sized  hearth  be  materially  increased. 

The  continuous  and  unavoidable  losses  of  heat  through  the  walls  of  a  steel 
furnace  are  quite  great,  amounting,  in  actual  tests  of  well-built  furnaces, 
to  about  one  kilowatt  per  square  foot  of  metal  surface  exposed  to  the  walls. 
Hence  it  was  important  to  reduce  this  surface  as  much  as  possible ;  and  as 
Mr.  Kilburn  Scott  points  out,  the  theoretically  best  form  of  hearth  is  a  hemi- 
sphere. In  his  (Mr.  Hering's)  furnace  it  becomes  possible  to  take  full 
advantage  of  the  hemispherical  shape,  whereas  in  the  other  types  that  cannot 
be  done. 

Mr.  W.  Murray  Morrison  :  It  is  somewhat  of  a  relief  to  hear  that 
the  "pinch  effect,"  which  has  caused  so  much  trouble  to  many  of  us,  has 
been  turned  to  practical  utility.  At  the  same  time,  I  doubt  very  much 
whether  the  effect  is  not  manifest  and  of  considerable  use  in  the  case  of  the 
Heroult  and  similar  furnaces.  From  the  data  given  in  the  paper,  I  gather 
that  the  furnace  described  has  never  been  tried  on  an  important  scale. 
There  is  little  doubt  but  that  very  great  troubles  would  arise  with  the 
metallic  electrodes.  Undoubtedly  water  cooling  would  have  to  be  resorted 
to,  in  which  case  a  considerable  amount  of  energy  would  be  abstracted 
from  the  furnace. 

I  am  afraid  the  advantages  claimed  for  the  "  pinch  effect "  furnace  arc 
more  likely  to  be  apparent  on  paper  than  real  in   practice. 

Mr.  Donald  F.  Campbell:  The  Hering  "pinch  effect"  furnace 
described  by  Mr.  Kilburn  Scott,  and  previously  in  the  Transaclto?is  of  the 
American  Electrochemical  Society,  seems  to  present  many  features  which 
would  prevent  it  from  ever  becoming  a  useful  metallurgical  appliance  in  its 
present  form.    The  difficulty  of  maintaining  the  channels  at  the  bottom  in 
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their  proper  dimensions  would  be  considerable,  while  the  erosion  on  the 
magnesite  or  alundum  bottom  is  bound  to  be  serious,  especially  as  there 
is  vij^orous  motion  in  tlie  steel  bath.  There  will  also  be  danger  of  the 
steel  finding  its  way  between  the  layers  of  the  refractory  lining  at  tlie 
bottom  of  the  furnace. 

It  would  appear  also  that  the  extremely  violent  stirring  action  is  a 
serious  disadvantage  rather  than  a  point  in  favour  of  tiiis  furnace,  for  any 
agitation  which  would  cause  the  surface  to  be  at  an  angle  of  45  degrees 
and  causes  air  to  be  drawn  through  a  tap-hole  "with  a  whistling  noise" 
would  probably  oxidise  the  steel  or  at  least  be  deleterious  to  the  conditions 
required.  Mr.  Scott  states  that  "in  other  furnaces  the  movement  is  sluggish, 
and  that  the  transference  of  heat  is  chiefly  due  to  mere  conduction."  Any 
metallurgist  who  has  Iiad  the  privilege  of  seeing  the  principal  furnaces  now 
in  commerical  practice  will  knoW  that  in  any  one  of  these  was  there 
sufficient  movement  in  the  steel  to  get  a  complete  refining  reaction,  and  in 
some,  such  as  a  Rochling-Rodenhauser  3-phase  furnace,  it  has  been  found 
necessary  to  take  precautions  to  reduce  this  mcftion. 

His  statement  that  zinc  ores  cannot  be  treated  in  an  arc  furnace  is  also 
incorrect,  as  many  thousand  tons  have  been  smelted.  He  mentions  as 
a  disadvantage  of  the  arc  furnace  that  "heat  is  applied  at  the  top  of  the 
charge,  and  thus  has  to  travel  down  by  slow  conduction  and  agitation  of  the 
charge.  Any  slag  at  the  top  interferes  with  working."  The  latter  statement 
I  cannot  understand.  In  the  Siemens  furnace  heat  is  entirely  applied  from 
above,  and  any  other  agitation  except  that  which  naturally  occurs  is  not 
required,  while  if  there  is  no  slag  no  refining  can  occur. 

I  have  several  times  had  to  melt  up  masses  of  cold  scrap  frozen  in  the 
furnace  up  to  15  tons,  and  although  this  can  be  done  without  difficulty,  it 
is,  of  course,  undesirable  ever  to  work  without  a  coating  of  slag  above  the 
bath.    . 

The  author  states  that  water  cooling  is  an  objectionable  feature 
in  the  arc  furnace,  but  the  amount  used  is  very  small,  and  there  is  no  danger 
attached  to  the  use  of  water  above  a  furnace,  whereas,  water-c6oled 
electrodes  at  the  bottom  of  the  furnace  are  a  very  serious  danger,  as  any 
breakdown  in  the  water  supply  may  cause  the  steel  to  break  through  the 
bottom,  and  if  there  is  water  present  there  is  serious  danger  to  life  and 
property,  whereas  a  little  water  leaking  from  above  into  the  furnace  can  at 
the  most  only  damage  a  few  bricks,  and  there  is  no  risk  of  explosion.  The 
furnace  described  docs  not  appear  in  its  present  form  to  be  likely  to  find 
wide  application  in  commerce. 

Mr.  Colin  C.  Gow  :  The  principle  of  the  Hering  furnace  is  dependent 
upon  two  ph3'sical  plienomena.  The  electrical  energy  is  mainly  transformed 
into  heat  in  the  resistor  tubes,  which  I  understand  are  small,  namely  :  3^  in- 
diam.  and  7  in.  long  for  a  2^-ton  furnace  ;  the  local  heat  then  is  likely  to 
be  intense,  but  owing  to  the  pinch  effect  the  hot  metal  is  actually  expelled 
into  colder  regions  of  the  bath.  It  is  evident,  therefore,  that  the  advantages 
claimed  for  this  furnace  are  entirely  dependent  upon  the  resistors.  For 
any  given  size  of  furnace  the  dimensions  of  the  electrodes  and  resistor  must 
bear  some  definite  relation  for  the  effective  working  of  the  furnace  to  be 
fulfilled.     In  short,  the  size  of  the  resistor  tubes  must  remain  constant. 

From  purely  a  steel-maker's  standpoint,  it  seems  inconceivable  that  the 
sharp  angle  made  by  the  walls  of  the  resistor  tube  and  the  bottom  of  the 
furnace  will  not  suffer  serious  erosion  even  supposing  a  bath  of  metal  is 
always  kept  above  that  level.  Quoting  Mr.  Kilburn  Scott  :  "  It  seems  that 
the  suction   down  into  the   bottom  6i  the   resistor  tubes  is  considerable," 
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and  in  consequence  the  risk  of  erosion   by  the  metal  as  it  is  chawn  down 
these  resistors  seems  extremely  serious. 

Again,  it  is  necessary  to  make  the  electrodes  of  larger  diameter  liian  the 
tulies,  consequently  part  of  the  bottom  lining  has  to  be  actually  built  on 
the  outer  edge  of  the  electrode,  and  at  this  point  the  lining  would  only 
be  7  in.  thick ;  it  would  seem  more  than  likely,  if  the  pressure  on  the 
electrode  is  so  great,  that  steel  will  be  forced  between  the  lining  and 
the  electrode,  a  fact  which  would  again  greatly  minimise  the  possibility 
of  the  resistor  tubes  retaining  for  any  length  of  time  their  original  form. 
This  risk  will  be  seriously  enhanced  if  the  upper  surface  of  the  electrode 
proper  should  fall  below  the  bottom  limit  of  the  resistor  lining,  a  condition 
which  seems  highly  probable  in  the  face  of  the  means  of  self-regulation 
of  temperature  as  described  in  the  Paper. 

I  would  point  out  that  apparently  any  change  in  the  length  or  cross- 
section  of  the  resistor  as  caused  by  erosion  would,  besides  causing  trouble 
with  the  electrodes,  either  destroy  or  so  moderate  the  pinch  effect  as  to 
transform  the  Bering  furnace  into  a  simple  resistance  furnace,  this  being 
one  of  the  types  the  author  has  so  assiduously  attempted  to  condemn  when 
comparing  them  with  the  furnace  in  question. 

Mr.  Kilburn  Scott  quite  openly  expresses  the  view  that  there  may  be 
a  nigger  in  the  fence  somewhere,  and  in  my  opinion  he  will  find  a  rather 
hard-headed  one  in  the  resistor  tubes  which  involve  a  construction  absolutely 
repellent  to  a  practical  steel-maker,  though  they  may  be  essential  for  the 
production  of  the  electrical  phenomena  upon  which  the  author's  claims  are 
dependent. 

Mr.  J.  Harden  thought  the  Hering  furnace  very  ingenious,  but  he 
did  not  see  that  it  would  be  possible  to  produce  superheated  slag  of  such 
refining  properties  as  were  required.  If  a  heavy  weight  rested  on  the 
bottom  of  the  channel  it  would  be  difficult  to  keep  the  steel  in  the  furnace, 
especially  where  there  was  so  much  agitation  of  the  molten  metal.  He  quite 
admitted  that  the  ideal  electric  furnace  must  be  as  simple  as  possible  and  as 
much  like  an  open-hearth  furnace  as  possible.  As  regards  the  tubes,  how  long 
would  these  be  likely  to  last  niechanicall}'  ?  In  the  3-phase  Rochling-Koden- 
hauser  furnace  the  rotary  action  of  the  steel  was  very  strong,  and  this  action 
where  the  "  pinch  effect "  was  in  operation  would  be  stronger  still.  With  the 
very  best  lining,  if  the  motion  were  not  checked  in  the  channels,  the 
mechanical  wear  and  tear  was  ruinous.  It  would  therefore  be  necessary  to 
stop  the  squirrel-cage  action  by  suitable  connections  in  order  to  minimise  wear 
and  tear.  Further,  would  not  the  induction  be  so  strong  that  a  great  deal  of 
oxidation  would  take  place  ?  He  thought  that  the  partitions  suggested  by 
Mr.  Hering  in  his  contribution  to  the  discussion  might  be  ideal  in  conception, 
but  were  impossible  in  practice.  Of  wiiat  material  would  they  be  composed  ? 
Dr.  H.  Borns  :  With  respect  to  Mr.  Kilburn  Scott's  paper,  I  am  sorry  that 
he  is  not  here  at  present.''^  I  wished  to  ask  him  whether  he  has  made 
experiments  of  his  own ;  the  paper  does  not  appear  to  contain  much  more 
information  than  Mr.  Hering's  papers.  I  quite  agree  with  the  other  speakers 
as  to  the  difficulties  which  mechanical  erosion  would  cause.  If  I  am  not 
mistaken,  Hering  said  that  the  new  system  of  heating  was  more  suited  for 
large  furnaces  than  for  small  furnaces.  But  he  describes  only  small  furnaces, 
in  which  the  difficulties  appear  to  be  sufficiently  serious. 

Mr.  M.  Ruthenburg  said  he  would   make  one  remark  with  regard  to 
the  Hering  furnace,  and  that  was  that   a  particularly  high   current  at  low 
voltage  would  be  required  on  account  of  the  low  resistance  of  the  metal. 
•  Mr.  K.  Scott  came  later. 
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He  considered  the  criticisms  vvhicli  had  been  passed  on  the  tubes  perfectly 
just. 

Mr,  Ernest  P,  Hollis  drew  attention  to  Mr.  Scott's  remark  that  there 
was  a  law  that  "  hke  currents  attract."  This,  he  said,  was  a  fallacious 
misunderstanding  of  the  laws  of  electromagnetic  attraction  and  repulsion. 
The  law  which  Mr.  Scott  intended  to  refer  was  that  "conductors  carrying 
like  currents  attract  each  other."  If  like  currents  attracted  each  other 
it  must  follow  that  the  distribution  of  the  current  in  a  conductor  would 
be  uneven  and  Ohm's  law  would  be  inexact.  Mr.  Gow  criticised  the  Hering 
furnace  on  the  ground  that  the  resistance  of  the  resistance  tubes  would 
vary  and  thus  disturb  the  "pinch  effect."  But  the  "pinch  effect"  was  not 
dependent  upon  any  critical  value  of  the  resistance  and  would  only  vary 
in  amount  with  the  resistance,  and  any  changes  in  the  rate  of  circulation 
of  the  metal   would  not  stop  or  greatly  interfere  with  the  process. 

As  to  the  homopolar  generator,  this  was  now  a  technical  and  commercial 
possibility.  The  Barbour  machine  shown  at  Olympia,  and  which  was  fully 
described  in  the  Electrical  Times  of  September  14,  igii  (p.  230),  was 
a  compact  generator  which  would  produce  extremely  high  currents  at  low 
voltages  without  any  of  the  sparking  troubles  concomitant  to  the  use  of 
the  commutator  pattern  of  machine.  Its  application  to  furnace  and  electro- 
plating work  was  further  discussed  in  the  same  paper  on  October  19,  191 1 
(p.  412). 

Dr.  J.  A.  Marker  said  he  would  like  to  point  out  that  the  "  pinch  effect" 
was  not  simply  a  contraction  of  a  column  of  fluid,  but  there  was  a  lump  on 
each  side  of  the  channel  and  a  piling  up  of  the  molten  metal,  which  oscil- 
lated backwards  and  forwards.  Mr.  W.  A.  Price  and  the  speaker  had  tried 
to  make  a  bath  of  molten  salts  and  to  heat  this  electrically  by  means  of  a 
heater  of  molten  tin  contained  in  a  series  of  zigzag  channels  cut  in  a  suitable 
fire-brick.  The  "  pinch  effect  "  manifested  itself  very  markedly,  particularly 
at  the  corners,  and  even  under  the  pressure  of  a  column  of  molten  salt  was 
the  limiting  factor  in  the  energy  which  could  be  put  in  by  means  of  the 
arrangement.  * 

The  Chairman  said  on  the  whole  he  agreed  with  the  criticism  that  had 
been  made.  Even  if  the  furnace  worked  otherwise  satisfactorily,  its  success 
must  depend  upon  the  heat  generated  in  the  resistance  tubes,  and  these,  he 
could  hardly  imagine,  could  remain  constant  in  section,  but  must  rapidly 
wear  away,  and  the  resistance  would  consequently  diminish,  and  it  would 
therefore  be  difficult  to  maintain  the  temperature  required. 

As  regards  the  partitions  suggested  for  this  furnace  he  could  only  say 
he  had  never  known  a  partition  to  work  satisfactorily  in  any  furnace.  Mr. 
Scott  stated  that  zinc  and  arsenical  ores  could  not  be  treated  in  the  arc 
furnace.  He,  the  Chairman,  could  say,  speaking  from  personal  experience, 
that  some  thousands  of  tons  of  zinc  ores  had  been  treated  in  arc  furnaces, 
and  quite  recently  he  had  supervised  the  smelting  of  some  hundreds  of  tons 
of  such  ores  in  arc  furnaces. 

Mr.  E.  Kilburn  Scott  replied  as  follows  to  the  points  raised  in  the 
discussion  : — 

I  am  not  sure  that  I  understood  Mr.  Hiirden's  first  query,  but  if  it  refers  to 
greater  distribution  of  heat  in  a  bath  than  it  is  possible  to  obtain  with  two 
electrodes,  then  there  is  no  reason  why  four  or  more  should  not  be  used.  Mr. 
Harden  suggests  that  owing  to  the  agitation  of  the  metal,  there  may  be  trouble 
with  the  resistor,  but  I  would  point  out  that  the  resistor  is  in  a  hole  in  a  massive 
wall  of  hard  refractory  material,  apd  such  a  hole  is  not  easily  disturbed.  A 
steady  flow  of  liquid  metal  over  a  ffard  refractory  surface  ought  not  to  produce 
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•'enormous  mechanical  wear  and  tear."  At  any  rate  none  of  the  walls  of 
resistors  have  worn  out  as  )'et  ;  it  is  thus  impossible  to  say  how  lonq  they 
would  last.  By  merely  regulating  the  current,  the  mixing  action  can  be 
adjusted  to  any  metallurgical  requirement.  With  regard  to  my  advocacy  of 
direct  current  from  homopolar  dynamo  Mr.  Harden  appeared  to  make  a  good 
point  in  raising  the  question  of  electrolytic  action.  Yet  when  I  come  to  con- 
sider the  matter  I  do  not  see  a  difficulty.  With  a  metal  or  semi-metal  bath  the 
current  will  naturally  flow  through  the  bath  and  not  (or  not  to  any  harmful 
extent)  through  the  refractory  lining.  In  any  case,  it  would  only  flow  through 
that  part  of  the  lining  between  the  electrodes  because  of  more  resistance 
elsewhere.  In  his  first  furnace  Mr.  Carl  Hering  used  direct  current  from 
storage  batteries,  and  he  did  not  have  any  electrolytic  trouble  with  the 
lining. 

Of  course,  the  whole  question  of  whether  to  employ  direct  current  in  place 
of  alternating  depends  on  whether  the  homopolar  dynamo  can  be  made  a 
satisfactory  and  cheap  machine.  I  think  it  can  for  large  outputs,  a.nd  I  foresee 
it  being  used  extensively  in  future  for  practically  all  electrolytic  work  and  for 
a  good  deal  of  electro-metallurgical  work  as  well.  For  example,  in  a  works 
where  waste  heat  drives  a  steam  turbine  or  a  gas  engine  and  the  furnaces  are 
near  by,  then  homopolar  dynamos  might  very  well  be  used  to  generate  at 
the  exact  voltage  required. 

Dr.  Harker's  description  of  the  piling  up  of  metal  on  each  side  of  the  con- 
traction is  of  special  interest.  The  piling  up  appears  to  be  a  secondary  effect, 
and  in  connection  with  this  and  the  fact  that  the  "pinch  effect"  is  increased 
when  there  is  another  liquid  over  the  conducting  one,  Mr.  Carl  Hering  may 
shortly  publish  some  interesting  observations. 

Mr.  Campbell  thinks  holes  at  bottom  of  a  furnace  objectionable,  and  I 
can  just  imagine  the  same  kind  of  remark  being  made  to  Bessemer  when  his 
revolutionary  invention  came  before  the  iron  and  steel  world.  If  Bessemer 
converters  work  well  with  holes  right  through  the  bottom,  why  should  any 
trouble  be  anticipated  from  the  holes  of  the  Hering  furnace  ?  Besides,  the 
Girod  furnace  has  electrodes  through  the  bottom  and  no  one  seems  to  worry 
about  them.  The  remark  that  the  steel  would  be  "  horribly  oxidised  "  is 
absurd.  In  making  it  Mr.  Campbell  appears  to  have  taken  advantage  of 
my  remark  that  on  one  occasion  air  is  said  to  have  been  drawn  in  through 
a  badly  plugged  tap-hole.  Then  plug  the  tap-hole  !  Mr.  Campbell  spoke  of 
the  importance  of  the  refining  action  of  slag  as  if  the  Hering  f  irnace  would 
not  have  any  slag ;  but  who  said  it  would  not,  and  why  should  Mr.  Campbell 
suggest  such  a  thing  ?  Mr.  Campbell's  remarks  about  danger  of  water  cooling 
seem  beside  the  mark.  A  flexible  tube  connection  to  a  movable  electrode 
over  the  bath  of  metal  is  very  likely  to  leak,  in  which  case  the  water  must 
fall  into  the  furnace.  On  the  other  hand,  a  water-connection  to  the  Hering 
electrode  can  be  made  a  more  permanent  job,  and  if  the  piping  should  leak 
the  water  drops  clear  of  everything.  As  a  matter  of  fact,  it  is  very  likely 
that  water-cooling  of  the  Hering  electrodes  will  not  be  required  in  com- 
mercial furnaces. 

Mr.  Ruthenburg  raised  the  question  of  enormous  currents  being  required, 
but  the  specific  resistances  of  the  materials  dealt  with  increase  very  greatly 
at  high  temperatures,  and  the  diameter  of  the  resistors  can  be  easily  arranged 
to  give  workable  values  for  current. 

One  piece  of  fair  criticism  was  that  any  wear  of  tubes  (if  it  did  occur) 
would  alter  the  "  pinch  effect  "  conditions.  That  is  so,  and  it  is  effectually  met 
by  merely  increasing  the  current  to  follow  the  wear.  There  would  be  no 
trouble  whatever  in  doing  this.     But  why  over-emphasise  this  question  of 
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wear  ?     Many  metal  furnaces  in  present  operation  have  to  be  patched  up 
after  every  run,  and  yet  they  are  considered  quite  workable. 

Regarding  the  new  process  of  steel  smelting  which  Mr.  Carl  Hering 
puts  forward,  some  speakers  seemed  to  think  that  the  partition  might  not 
stand  up.  But  why  not  ?  It  could  be  made  of  the  same  material  as  the 
walls  of  a  blast  furnace,  where  it  withstands  a  temperature  very  much 
greater  than  above  the  metal  bath  of  the  Hering  furnace. 
Dr.  Carl  Hering  replies  as  follows  to  the  Discussion  : — 
He  regretted  to  sec  that  some  of  the  critics  made  very  positive  and 
unqualified  remarks  in  the  discussion,  without  ever  having  seen  the  furnace, 
and  in  some  cases  showed  unfamiliarity  with  the  features  involved.  In  all 
new  departures  from  the  beaten  track  difficulties  will  naturally  be  en- 
countered ;  as  it  has  taken  twenty-five  years  to  develop  the  induction  furnace 
and  about  thirty  years  to  develop  the  arc  furnace,  time  should  be  granted  in 
developing  a  form  which  involves  a  new  force  whose  properties  and  idiosyn- 
crasies must  first  be  studied. 

There  cannot  be  any  "  considerable  use  "  of  the  force  of  the  pinch  effect 
in  arc  furnaces,  as  the  current  must  necessarily  spread  out  the  moment  it 
reaches  the  liquid  metal,  and  the  force  decreases  with  great  rapidity  as  the 
current  density  becomes  less.  At  most,  its  effect  would  be  confined  to  a 
small  surface  where  the  arc  abuts. 

Metallic  electrodes  have  been  used,  and  apparently  with  success,  in 
commercial  furnaces  like  the  Girod.  Of  course,  all  electrodes  necessarily 
involve  some  loss  of  energy  in  them,  but  if  they  are  properly  proportioned 
they  should  abstract  no  energy  from  the  interior  of  the  furnace.  The  proper 
proportioning  of  electrodes  does  not  seem  to  have  been  appreciated  by  some 
of  the  critics. 

Some  metallurgists  hold  a  directly  opposite  opinion  to  that  expressed  so 
positively  by  Mr.  Campbell.  The  very  active  upward  circulation  alone  is  a 
feature  which  others  think  would  make  it  "  a  useful  metallurgical  appliance." 
As  a  matter  of  fact,  features  which  were  most  feared  were  found  not  to  exist. 
Special  tests  were  made  to  determine  the  supposed  and  much-talked-of 
wear  on  the  resistor  walls  ;  many  charges  were  melted  in  a  furnace,  the 
last  one  being  allowed  to  freeze  ;  upon  breaking  down  the  walls  and 
measuring  the  diameter  of  the  cores  in  the  resistor  holes,  no  measurable 
difference  could  be  detected.  In  the  case  of  a  steel  furnace  it  even  seemed 
that  the  core  had  actually  become  somewhat  smaller,  which  seems  to  be 
explained  by  the  existence  of  a  very  hard,  black,  smooth  and  clean  lining 
which  forms  on  the  walls  of  the  holes,  presumably  from  the  impurities  or 
oxides  in  the  metal.  In  the  case  of  a  furnace  which  had  been  run  with 
bronze,  the  walls  of  the  holes  .were  found  to  be  hard,  clean  and  smooth,  as 
though  they  had  been  sand-papered.  Even  a  sharp  edge  of  the  refractory 
material  was  found  to  be  intact,  although  for  days  white-hot  metal  had  flowed 
past  it  in  large  quantities.  Surfaces  of  the  refractory  material  wliich  are 
continually  in  contact  with  the  metal  only  and  not  with  the  slag  remain  in 
very  good,  clean  condition.  The  fears  concerning  the  wear  on  the  holes, 
therefore,  turned  out  to  be  unnecessary  and  premature. 

Moreover,  it  is  not  essentiaj,  as  Mr.  Gow  supposes,  that  the  cross-section  of 
the  resistors  must  remain  absolutely  constant.  It  is  intended  to  take  care  of 
any  possible  wear  by  providing  for  a  regulation  of  the  current,  so  that  as  the 
resistor  increases  in  section  a  greater  current  at  lower  voltage  is  to  be  used. 
Another  provision  is  to  increase  the  length  of  these  holes  when  their  diameter, 
becomes  larger,  by  inserting  bars  of  the  right  diameter  into  the  holes  after  a 
run  and  then  tamping  a  layer  of  ftie  magnesite  over  the  bottom  and  around 
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them.  As  long  as  the  ratio  of  the  length  to  the  section  is  maintained 
constant,  the  proper  amount  of  energy  will  be  set  free  ;  the  pinching  force 
is  in  most  cases  more  than  ample,  so  that  its  reduction  by  such  a  possible 
increase  in  section  is  of  no  importance. 

At  first  the  trouble  which  Mr.  Campbell  anticipated  was  experienced, 
namely,  that  the  metal  flowed  into  cracks  between  the  bricks,  but  this  has 
now  been  entirely  prevented  by  using  practically  a  monolith  of  a  certain 
electrically  calcined  magnesite  which  does  not  crack  ;  it  is  tamped  into  place. 

The  sucking  of  air  through  a  leaky  tap-hole  was  cited  merely  to  show 
how  very  strong  this  sucking  force  was.  Mr.  Campbell  seems  to  have  mis- 
understood this,  as  he  considered  this  to  be  a  normal  operation,  which  of 
course  it  is  not. 

As  long  as  the  iron  is  covered  with  a  blanket  of  slag  and  the  space  above 
this  is  a  neutral  or  even  reducing  atmosphere,  Mr.  Campbell's  criticism  that 
oxidation  would  take  place  does  not  hold  good,  no  matter  how  great  the 
agitation  is.  Moreover,  the  circulation  is  entirely  within  control  in  the 
design  of  the  furnace ;  it  may  be  made  to  be  gentle,  and  it  is  orderly  and 
very  regular. 

Mr.  Campbell  does  not  seem  to  appreciate  the  difference  between  the 
character  of  a  regular,  orderly,  upward  circulation  of  the  metal  against  the 
slag  and  of  an  irregular  agitation  ;  the  one  brings  the  suspended  impurities 
to  the  surface,  while  the  other  merelj'  agitates.  The  sole  purpose  of  one  of 
the  steel  furnaces  now  under  consideration  is  to  refine  mechanically  by  thus 
"boiling"  out  the  suspended  impurities. 

Mr.  Campbell  says:  "If  there  is  no  slag  no  refining  can  occur."  He 
seems  to  have  forgotten  that  in  the  "  killing  "  of  steel  (holding  it  in  a  melted 
condition  to  allow  the  impurities  to  rise  to  the  surface)  an  important  amount 
of  refining  can  be  accomplished  without  any  chemical  action  of  a  blanket  of 
slag.  If  a  steady,  orderl}^,  upward  circulation  hastens  the  bringing  of  the 
impurities  to  the  surface,  it  certainly  would  be  a  gain.  The  furnace  can  of 
course  be  operated  with  or  without  slag. 

Water  cooling  of  metallic  electrodes  extending  through  the  bottom  of  the 
furnace  has  been  in  successful  use  for  years  by  Girod.  Mr.  Campbell's  fears 
concerning  this  feature  therefore  seem  to  be  entirely  unnecessary. 

As  the  metal  may  be  raised  to  any  desired  temperature  (the  danger  being 
rather  to  overheat),  there  seems  to  be  no  good  reason  for  Mr.  Harden's  fear 
that  the  slag  temperature  will  be  insufficient,  as  the  layer  of  .-lag  next  to  the 
superheated  metal  must  necessarily  acquire  the  temperature  of  the  latter. 
The  "partition"  which  Mr.  Harden  objects  to  need  not  project  down  to  the 
metal  bath,  nor  need  the  very  high  temperature  of  the  blast  furnace  exist 
above  the  metal  bath  ;  the  reduction  of  the  ore  takes  place  in  the  bath  or  on 
its  surface. 

Recent  favourable  tests  with  small  furnaces  have  shown  that,  contrary  to 
the  original  opinion,  the  principle  is  applicable  also  to  small  furnaces. 

It  is  true  that  large  currents  of  low  voltage  are  required  in  the  secondary 
circuit.  But  this  is  true  also  of  induction  furnaces,  and  perhaps  to  a  much 
greater  extent. 

Mr.  Hollis  is  quite  correct  in  saying  that  it  is  the  conductors  and  not 
the  currents  which  attract  each  other,  a  fact  which  the  present  writer  pointed 
out  many  years  ago  ;  the  operation  of  this  furnace  is  based  on  this  distinction. 

Mr.  Hollis  is  also  correct  in  believing  that  the  varying  of  the  resistance 
would  not  "disturb  the  pinch  effect."  The  latter  is  a  current  phenomenon 
pure  and  simple,  and  it  is  entirely  independent  of  the  resistance.  As  long  as 
the  current  is  constant  the  pinching  force  will  be  constant.     There  is,  of 
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course,    a    counter    electromotive    force    produced,   corresponding   to   the 
mechanical  energy  set  free  ;  this  should  be  made  as  great  as  possible. 

Dr.  Marker's  observation  concerning  the  "hump"  on  both  sides  of  the 
pinched  contraction  in  an  open  channel  accords  with  his  (Hering's)  early 
observations  '■'■'•  but  these  humps  are  mere  secondary  effects  and  so  is  the 
oscillation  backwards  and  forwards.  In  the  furnace  there  are  humps  but 
no  oscillations. 

*  Trans,  Anier.  ElectiocUcvi.  Soc,  vol.  ii,  1907,  p.  331. 


RESEARCHES   OX    ELECTRIC   FURNACE    PRODUCTS. 
By  Dr.  EDWARD  G.  ACHESOX. 

(Abstract  of  mi  Address  delivered  before  the  Faraday  Society  on  Wednesday,  November 
i<,  191 1,  Mr.  James  Swixbukxe,  F.R.S.,  Past  President,  in  the  Chair.) 

Dr.  Acheson  said  that  his  first  carborundum  experiment  was  made  in  March, 
1891.  He  mixed  clay  and  coke,  put  them  in  an  iron  bowl,  and  passed  a 
strong  current  through  by  means  of  a  rod  of  carbon.  At  the  end  of  the 
experiment  there  was  a  small  bright  speck  on  the  point  of  the  carbon  which 
was  so  hard  that  it  would  cut  glass.  This  was  carborundum.  His  ne.xt  step 
was  to  build  a  small  brick  furnace  in  which  he  made  some  quantity  of  the 
product.  But  although  it  turned  out  to  be  harder  than  diamond  (though  not 
so  tough)  he  had  great  difificulty  in  finding  a  use  for  it.  First,  and  naturally, 
he  tried  the  lapidaries,  but  they  would  have  nothing  to  do  with  it.  Then  he  tried 
the  emery-wheel  makers  :  they  said  it  was  useless.  Some  use  of  it,  however, 
was  made  by  engineers  for  grinding  valves. 

The  properties  of  carborundum  were  found  to  be  vcr}'  remarkable  and 
interesting.  Although  as  usually  made  it  was  coloured  with  iron,  when  pure 
it  was  colourless,  and  it  had  a  higher  refractive  index  than  diamond. 

The  temperature  at  which  carborundum  forms  is  vastly  higher  than  that 
required  to  fuse  the  walls  of  the  furnace,  which,  however,  are  protected  by  the 
material  forming  the  furnace  charge. 

The  carborundum  forms  around  the  core,  and  very  accurate  adjustment  is 
required  to  maintain  the  proper  temperature.  If  it  is  overheated  the  car- 
borundum crystals  are  destroyed,  the  silicon  disappears,  and  true  graphite  is 
left  behind.  The  manufacture  of  this  chemically  pure  graphite  was  the  second 
step  of  his  investigations. 

Last  year  13,000,000  pounds  of  this  graphite  were  sold. 

His  next  step  was  to  look  round  for  a  cheap  material  from  which  to  make 
the  soft  unctuous  graphite  that  he  wanted.  Eventually  in  1906  a  suitable 
material  was  found  in  the  waste  from  the  anthracite  coal  mines  of  Pennsyl- 
vania, from  which  all  foreign  matter  had  to  be  evaporated.  This  was  found 
to  yield  a  non-coalescing  graphite  that  was  easily  pulverised.  He  hoped  it 
might  have  been  useful  for  making  crucibles,  but  it  was  not  successful  in 
this  direction,  not  being  dense  enough.  As  a  matter  of  fact  the  material 
expanded  very  much  in  the  transformation  into  graphite. 

Dr.  Acheson's  next  move  was  to  try  to  reduce  silicon  in  the  electric 
furnace.  This  he  succeeded  in  doing  by  using  an  intimate  mixture  of  fine 
amorphous  silica  and  soft  graphite.  When  these  are  rubbed  together  the 
graphite  covers  the  silicon  practically,  and  makes  the  mixture  conductive,  so 
that  it  can  be  smelted  in  a  resistance  furnace,  although  as  a  matter  of  fact  an 
arc  furnace  is  now  employed,  and  silicon  is  made  in  thousands  of  tons. 

He  was  equally  successful  in  reducing  aluminium  by  passing  a  current 
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through  a  mixture  of  bauxite  and  graphite  by  means  of  a  graphite  core  which 
was  surrounded  by  a  shell  of  carborundum. 

But  in  his  opinion  his  most  important  work  had  had  to  do  with  the  use  of 
his  soft  unctuous  graphite  in  lubrication.  He  had  hit  upon  a  method  of 
successfully  utilising  it,  calling  to  mind  how,  in  1901,  he  had  discovered  the 
reason  why  some  clays  which  were  the  same  in  composition  as  others 
differed  considerabh^  in  phj'sical  properties. 

Remembering  how  clay  could  be  made  to  suspend  in  water  by  treating  it 
with  a  dilute  solution  of  tannin,  it  occurred  to  him  in  1906  to  treat  the  graphite 
in  the  same  way.  The  actual  reagent  used  was  a  solution  of  gallotannic  acid 
containing  a  little  ammonia.  This  was  found  to  render  the  graphite  perfectly 
suspensive,  so  that  it  would  pass  through  filter  paper  and  obey  all  the  laws  of 
colloidal  solution.  He  called  it  "  dctiocculated  graphite."  The  reduction  in 
size  of  the  graphite  particles  on  deflocculation  was  about  jcVsth  part  of  the 
particles  that  had  been  passed  through  a  sieve  having  40,000  meshes  per 
square  inch. 

A  considerable  number  of  bodies  can  be  deflocculated  ;  in  fact,  anything 
that  is  amorphous,  insoluble,  non-fused  and  non-metallic.  There  are  many 
deflocculating  agents  too,  such  as  extract  of  straw,  grass,  tea-leaves  and  so 
forth  ;  tannin  was  one  of  the  most  efficient.  Carbon  dioxide  could  act  as  a  de- 
flocculating  agent,  and  Dr.  Acheson  threw  out  the  suggestion  that  carbon 
might  be  fixed  in  this  way  in  nature. 

The  deflocculating  agent  always  became  fixed  to  the  graphite.  Probably 
it  penetrated  the  particles  altogether  and  threw  off  groups  of  molecules  or 
even  single  molecules,  each  of  which  became  surrounded  b\'  an  organic 
jelly. 

With  regard  to  the  practical  application  of  the  colloidal  graphite  there 
were  manv  possible  uses,  for  instance,  in  electrotyping,  in  the  production  of 
a  perfect  lead  pencil ;  its  greatest  promise,  however,  was  as  a  lubricator  either 
in  oil  or  water. 

In  1908  the  production  of  natural  oil  was  290  million  barrels  of  42  gallons 
of  U.S.  standard,  one-tenth  thereof  distilling  off  as  lubricating  oil — roughly 
100  miUion  gallons  per  month.  The  consumption  of  lubricating  oil  is 
trebling  every  fifteen  years,  and  a  fifty-year  limit  would  probably  have  to  be 
put  to  the  world's  supply  of  oil. 

Apart  from  the  question  of  the  exhaustion  of  the  oil,  however,  it  was  at  best 
an  unsatisfactory  material  as  a  lubricator,  on  account  of  its  great  viscosity, 
which  caused  50  per  cent,  of  the  energy  produced  to  be  wasted  in  internal 
friction. 

A  suspension  of  colloidal  graphite  in  water  was  an  ideal  lubricator  on 
account  of  its  extremely  small  viscosity  ;  moreover,  the  colloidal  particles 
cannot  be  squeezed  out  from  between  the  bearing  surfaces,  as  is  possible 
with  a  true  liquid ;  on  the  contrary,  they  penetrate  and  even  up  the  metals 
with  a  veneer  of  molecular  graphite,  until  eventually  a  surface  like  glass 
results. 

To  make  the  graphite  generally  available  for  lubricating  it  is  best  diffused 
in  oil.  This  mixture  goes  by  the  name  of  "  Oildag "  (0/7-Z)eflocculated- 
^cheson-Graphite),  while  the -suspension  in  water  is  know  as  "Aquadag." 
The  aquadag  is  the  form  in  which  the  suspension  is  first  made.  To  make 
oildag  it  is  necessary  to  transfer  the  graphite  from  the  water  and  drive  off  the 
remaining  water  in  a  vacuum  from  the  jelly-like  organic  coating  on  the 
graphite  particles,  as  otherwise  these  will  flocculate  if  acid  is  present  in  • 
the  oil.  ^. 

He  himself  had  used  the  graphite  lubricator  for  a  motor-car  for  a  year 
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before  offering  it  to  the  public,  and  it  was  being  used  in  all  the  transportation 
power-houses  in  New  York  with  very  satisfactory  results.  It  was  interesting 
to  note  that  steel  was  not  tarnished  by  aquadag,  but  remained  perfectly  bright 
when  immersed  in  it. 

DISCUSSION. 

Dr.  J.  A,  Harker  expressed  his  appreciation  of  Dr.  Acheson's  inspiring 
and  suggestive  address.  He  dwelt  on  the  enormous  value  of  graphite  for 
electric  furnace  work,  and  showed  to  how  great  an  extent  advances  in  high- 
temperature  work  were  due  to  Dr.  Acheson's  wonderful  material.  It  was  a 
pity  that  a  proper  collection  of  electric  and  thermic  data  relating  to  graphite 
was  not  easily  accessible,  and  he  suggested  that  the  Acheson  Company  would 
do  well  to  collect  and  publish  such  information. 

It  was  of  interest  to  note  that  carborundum  belonged  to  a  class  of 
conductors  which  differed  electrically  from  the  other  classes  in  that  it  was  a 
conductor  at  ordinary  temperatures  and  that  its  conductivity  increased  with 
temperature. 

Mr.  Leon  Gaster,  referring  to  Dr.  Marker's  remark,  said  that  the  data 
he  desired  was  already  available  in  a  booklet  issued  by  the  Acheson 
Graphite  Company.  He  referred  to  another  material  discovered  by  Dr. 
Acheson — namely,  siloxicon — which  was  of  great  value  for  lining  and  making 
crucibles,  and  which  he  thought  deserved  to  be  more  widely  known. 

Mr.  Robert  Mond  associated  himself  with  the  remarks  made  by  the 
previous  speakers,  and  he  thanked  Dr.  Acheson  in  the  name  of  the  electro- 
chemists  of  England  for  placing  at  their  disposal  large  electrodes,  which 
alone  enabled  electrochemical  processes  to  become  practical.  Only  those 
who  had  tried  and  struggled  with  the  old  retort  carbon  could  properly 
appreciate  the  immense  service  rendered  by  Dr.  Acheson  to  progress  in 
electrolytic  processes. 

Mr.  Fredrik  Hiorth  said  that  some  of  those  present  might  be  interested 
to  learn  that  graphite  was  used  twenty  3^ears  ago  in  Norway  for  lubricating 
water-wheels,  wood  shafts  on  wood  bearings,  &c.,  and  it  was  later  on  used 
mixed  with  oil  for  this  purpose.  Some  years  ago  a  Swedish  engineer  had 
used  molasses  as  the  medium,  but  the  graphite,  of  course,  was  flocculated, 
and  this  difficult  problem  had  now  been  finally  solved  by  Dr.  Acheson. 

In  Norway  extensive  experiments  with  deflocculated  gniphite  had  been 
carried  out  for  lubricating  guns  and  rifles.  Each  of  two  mitrailleuses  were 
fired  with  1,500  shots  in  8  minutes,  one  with  and  the  other  without  graphite 
as  lubricator  in  the  cartridges.  The  result  was  astonishing,  because  the 
powder-chamber  in  the  one  without  graphite  proved  to  have  been  very 
damaged,  and  the  other  quite  undamaged.*  Graphite  had  the  further  effect 
of  sealing  up  the  powder  gases,  and  as  a  result  the  pressure  of  the  gases  was 
increased. 

The  only  fault  he  had  to  find  was  that  the  excellent  Acheson  graphite  was 
too  expensive  in  Europe,  and  he  hoped  Dr.  Acheson  would  come  and  make 
it  in  Norway,  where  there  was  every  facility  for  so  doing,  both  in  cheap 
water-power  and  cheap  raw  materials  and  short  distances  for  the  transport 
to  Europe.  This  would  be  a  great  benefit  for  the  users  of  the  graphite, 
for  Dr.  Acheson  himself,  and  for  his,  the  speaker's,  country,  which  could 
give  him  cheap  water-power  at  a  cost  of  ten  to  twelve  shillings  the  horse- 
power year  for  the  waterfalls  owner. 

•  We  have  later  on  received  from  Mr.  Hiorth  two  photos  of  split  gun-barrels, 
showing  the  result  of  the  above-mentioned  shooting.     (See  Kig.  i.) 
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Dr.  H.  Borns,  referring  to  Mr.  Hiorth's  remarks,  mentioned  that  the 
fact  that  there  was  usually  a  discharge  of  powder  in  front  of  the  bullet  had 
recentlv  been  confirmed  with  the  aid  of  instantaneous  photography  by 
C.  Cranz  at  Charlottcnburg. 

Dr.  T.  M.  Lowry  said  that  the  deflocculating  effect  of  colloids,  which 
Dr.  Acheson  had  applied  so  successfully  to  the  graphite  industry,  was 
probably  a  factor  of  very  great  importance  in  agriculture.  At  the 
Rothamstead  experimental  station  there  were  plots  of  ground  which  had 
remained  unmanured,  or  had  received  only  mineral  manures  during  many 
years,  but  year  by  year  better  crops  were  obtained  from  plots  which  had 
received  dressings  of  farmyard  manure  over  thirty  years  ago  than  from  those 
which  had  not  received  this  dressing.  The  difference  was  probably  due  to 
the  altered  texture  produced  by  deflocculation  by  organic  colloids  in  the 
dressing. 

The  Chairman,  in  moving  a  Vote  of  Thanks  to  Dr.  Acheson  for  his 
interesting  and  suggestive  discourse,  remarked  on  his  great  qualities  as  an 
inventor,  an  inventor  who,  starting  work  on  one  subject,  followed  that  subject 
up  step  bv  step,  perfecting  at  every  stage  some  new  and  useful  discovery. 

Dr.  E.  G.  Acheson,  in  reply,  expressed  his  thanks  to  the  speakers  for 
the  kind  way  in  which  they  had  received  him.  Referring  to  the  use  of  the 
oraphitc  for  gun  lubrication,  as  mentioned  by  Mr.  Hiorth,  he  said  that  it  was 
quite  popular  in  the  United  States.  It  was  found  that  its  use  enabled  a  nickel- 
steel  barrel  with  which  a  steel  covered  bullet  was  used  to  last  much  longer. 
There  was,  in  fact,  practically  no  wear  at  all  inside  the  rifie,  which  took  a  very 
hioh  poHsh.     About  four  grains  of  graphite  were  used  in  each  cartridge. 

With  regard  to  the  cost  of  graphite,  he  hoped  it  would  be  reduced  in  the 
near  future,  and  the  question  of  manufacturing  it  in  Norway  w^as  being 
considered.  At  the  present  time,  however,  it  was  doubtful  whether  the 
consumption  was  great  enough  for  more  than  one  factory  in  the  world  to  be 
economically  operated. 


A    REDETERMINATION    OF   THE    DENSITY   AND 
COEFFICIENT   OF  LINEAR   EXPANSION   OF  ALUMINIUM. 

By   F.  J.  BRISLEE,  D.Sc,  &c.,  Chief   Chemist,  British  Insulated 
and  Helsby  Cables,  Ltd. 

{A  Paper  read  before  the  Faraday  Society,  Wednesday,  December  6,  191 1, 
Dr.  J.  A.  Harker,  F.R.S.,  in  the  Chair.) 

The  increase  in  the  use  of  aluminium  for  many  technical  purposes  has 
rendered  a  redetermination  of  some  of  its  physical  constants  necessary.  The 
metal,  as  now  placed  upon  the  market,  is  in  a  high  state  of  purity  ;  but  many 
of  the  earlier  determinations  of  its  physical  constants  were  made  upon 
specimens  of  aluminium  of  doubtful  purity  and  unknown  composition,  which 
probably  contained  considerable  quantities  of  iron,  silicon,  carbon,  and  oxide 
of  aluminium,  the  oxide  being  mixed  through  the  metal  as  an  emulsion. 
Aluminium  absorbs  certain  gases,  when  molten  ;  hence  the  difficulty  of 
obtaining  sound  castings ;  and  blowholes  would  cause  too  low  a  value  for 
the  density  to  be  obtained.  The  aluminium  used  in  the  determinations  of  the 
density  and  coefficient  of  linear  expansion,  described  below,  was  obtained 
from  (i)  the  Societe  Electrometallurgique  Frangaise,  La  Praz,  Savoy,  and 
from  (2)  the  British  Aluminium  Company.  A  few  specimens  of  remeltcd 
scrap  metal  were  used  in  one  or  two  of  the  density  determinations.  All  the 
metal  used  was  carefully  analysed,  and  the  iron,  silicon,  the  chief  impurities 
present,  were  estimated.  The  iron  was  estimated  by  dissolving  10  grams  of 
the  metal  in  caustic  soda.  The  solution  was  allowed  to  stand  and  the  clear 
liquid  syphoned  off,  water  was  then  added,  the  precipitate  again  allowed  to 
settle  and  the  clear  solution  removed  by  a  syphon.  The  precipitate  was  then 
filtered  off,  thoroughly  washed  with  water,  dissolved  in  liydrochloric  acid, 
precipitated  with  ammonium  hydrate  after  oxidation,  and  weighed  as  oxide, 
or  the  hydrochloric  acid  solution  was  reduced  and  titrated  with  a  N/io 
solution  of  potassium  dichromate.  Repeated  determinations,  made  upon  the 
same  sample,  showed  a  good  agreement  between  the  two  methods.  The 
silicon  was  determined  by  the  method  of  Otis- Handy. " 

The  analyses  of  the  aluminium  gave,  as  a  mean  of  many  determinations  : — 


S.E.M.F. 

British  Aluminium  Co. 

Silicon 

Iron       

Aluminium 

Percent. 

026 

0"26 
99-48 

Per  Cent. 

0-25 

0-23 
99"52 

xoo-oo 

loo-oo 

*  Described  in  Lunge,  Chcmisch-Techuischc  Untcrsiichiin^snicthoden  ii.  p.  789, 
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The  Density  of  Aluminium. 
The  specific  gravity  was  determined  upon  the  cast  metal,  as  received, 
upon  hard-drawn  rod  |  in.  diameter,  and  upon  soft  annealed  rod  §  in. 
diameter.  The  determinations  were  made  by  both  the  ordinary  method  of 
weighing  in  air  and  water,  and  by  emploj'ing  the  displacement  method,  using 
a  loo  c.c.  flask,  the  latter  method  being  employed  for  fine  wire.  The  cast 
aluminium  was  cut  into  rectangular  blocks,  weighing  from  20  to  30  grams 
each  ;  the  round  rod  was  cut  into  cylinders  of  about  the  same  weight.  The 
fine  wire  was  cut  into  small  pieces  about  an  inch  long  ;  the  weight  used  for  a 
single  determination  was  from  10  to  30  grams.  The  aluminium  was  care- 
fully cleaned  with  petroleum  ether,  in  order  to  remove  grease,  &c.,  which 
might  have  been  taken  up  by  the  metal  during  working.  The  temperature  of 
the  water  was  taken  at  the  time  of  weighing.     The  results  obtained  were  : — 


Weight  of 

Weight  of 
Water  displaced. 

Source  and  Condition 
of  Aluminium. 

Tempera- 
ture, 0  C, 

Specific  Gravity. 

Aluminium. 

Uncorrected. 

Corrected.' 

31-3720 

11-5630 

S.E.M.F.  cast 

13 

2-713I 

2-7094 

29'897o 

1 1  0070 

))           )> 

13 

2-713I 

27094 

29"877o 

1 1  -0040 

»           )> 

17 

2-7151 

2-7098 

31-3570 

11-5670 

))           )) 

17 

271II 

2-7057 

15-3250 

5-6500 

,.           „ 

17 

2-7116 

2-7051 

Mean  Spec 

;ific  Gravity,  /  5  4  f 

=  2-7079 

corrected. 

24'457o 

9-0130 

B.A.  t  Rod  hard 

22 

27137 

27-5290 

10-1440 

),                >y 

22 

2-7^35 

26-8310 

9-8850 

»                )> 

22 

2-7143 

23-5180 

8-6660 

»                >> 

22 

27137 

28-6890 

10-5700 

>!                       )> 

22 

27143 

26-6040 

9-8020 

)<                       }> 

22 

27141 

Mean  Sp 

scific  Gravit} 

=  2-7139  uncorrec 

ted  ;  22  ^  . 

f  =  2-7052  c 

orrected. 

8-5220 

3-1330 

S.E.M.F.  t  Rod 

17 

27207 

27153 

7-5130 

2-7610 

»>            )' 

17 

2-7211 

27158  • 

8-4930 

3-1 160 

„     o'oS  wire 

19 

2-7256 

27152 

14-9350 

5-5090 

,,             ,, 

16 

2-7111 

2-7060 

28-3230 

10-4656 

,,             ,, 

16 

2-7063 

2-7013 

23-6630 

8-7490 

,,             ,, 

16 

2-7046 

2-6996 

20-4970 

7-5570 

B.A.  Rod  wire 

14 

27123 

2-7084 

24-4386 

9-0320 

Wire 

14 

2-7057 

2-7018 

25-3810 

9-3560 

B.A.  Hard  rod 

19 

2-7128 

2-7064 

25-3820 

9-3610 

)i            )) 

18 

27115 

2-7057 

25-7370 

9-4860 

Annealed  rod 

19 

27131 

2-7067 

25-7374 

9-4904 

,. 

18 

2-71 19 

2-7061 

Mean  Sp( 

jcific  Gravity,  tS^\ 

^  2-7080 

corrected. 

The  density  of  remelted  aluminium  is  lower  than  the  above,  due  probably 
to  the  fact  that  a  certain  proportion  of  iron  and  silicon  are  taken  up  during 
melting,  and  also  to  the  fact  that  gases  are  absorbed  while  molten.  The 
value  found  for  the  density  of  remelted  aluminium  was  16  0  16  =  2-687,  or 
16  54  =  2-6821.  The  most,  probable  value  for  the  density  of  aluminium  is  2-708 
for  cast  metal,  and  metal  upon  wKich  a  large  amount  of  work  has  not  been 
done.  The  worked  metal  reaches  2-72,  in  some  of  the  above  instances,  but  this 
value  was  obtained  in  only  three  determinations,  and  was  not  found  for  hard- 
drawn  wire.  J 

*  Corrected  for  water  at  4°  C.  and  vacuum  weighing. 

t  f  5  4  is  the  density  at  room  temperaiure  referred  to  water  at  4°  C. 

J  The  effect  of  work  upon  the  density  of  aluminium  is  being  further  investigated. 
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The  above  values  differ  from  the  values  recorded  in  the  literature,  e.g.  in 
Landolt  and  Bornstein,"  and  in  a  paper  by  Wilson,!  in  which  a  large  amount 
of  data  are  collected. 


The  Coefficient  of  Linear  Expansion  of  Aluminium. 

The  coefficient  of  linear  expansion  was  measured  directly  by  determining 
the  increase  in  length  of  a  rod  of  the  metal,  about  i  metre  long,  when  it  was 
heated  from  10'' C.  to  100^  C.  The  apparatus  is  shown  in  the  figure.  It 
consists  of  a  stout  mild  steel  tube  A,  made  of  hydraulic  tubing,  which  carries 

*  Physikalisch-Clievjische  Tabellen. 

t  Joiirnal  Inst.  Elect.  Engineers,  31,  p.  332,  1901. 


224   REDETERMINATION  OF  DENSITY  AND  COEFFICIENT 

two  heavy  bronze  clamps  5„  B,,  which  can  be  moved  at  will,  and  rigidly 
fixed  in  any  position  by  means  of  clamping  screws.  B^  carries  a  mild  steel 
stop  D,  against  which  the  end  of  the  aluminium  bar  G  rests  when  the  deter- 
mination is  being  made  ;  the  other  (Bj)  carries  a  micrometer  head  C  for 
measuring  the  change  in  length.  The  tube  A  is  supported  by  the  bronze 
supports  M,  N,  which  in  turn  were  screwed  on  to  the  wooden  blocks  and 
base  IF,,  W^,  Wy  A  steady  stream  of  water  was  kept  flowing  through  A,  the 
temperature  of  which  was  measured  by  the  thermometer  T^,  placed  in  the 
glass  vessel  F.  The  temperature  of  the  water  did  not  vary  more  than  o*2°  C. 
during  the  measurement,  and  the  slight  error  caused  thereby  can  be  neglected. 
The  aluminium  bar  was  placed  inside  the  water  jacket  K,  and  supported  by  a 
half  tube,  i.e.,  a  brass  tube  cut  out  so  as  to  form  a  shallow  tray  underneath  the 
aluminium  rod,  the  tube  being  complete  only  at  the  ends  which  carry  the 
stop  D  and  the  stufting-box  H.  The  temperature  of  the  bar  was  measured  by 
the  three  thermometers  T,,  T,,  Ty  The  change  in  length  was  measured  by 
the  micrometer  C.  Two  micrometers  were  used,  made  by  Messrs.  Brown 
and  Sharpe,  and  measured  to  o'ooi  mm.  and  O'oooi  inch  respectively.  The 
increase  in  length  of  the  bar  G  pushed  the  piston  P  through  the  stuffing-box 
H,  and  the  change  in  length  was  them  measured  by  the  micrometer  head  C, 
the  temperature  remaining  constant  during  the  measurements.  The  deter- 
minations were  made  in  the  following  way  : — 

The  aluminium  rods  were  cut  so  as  to  be  approximately  i  metre  in  length. 
The  ends  were  then  turned  up  in  a  lathe,  exactl}'  at  right  angles  to  the  long 
axis.  The  exact  length  was  determined  by  comparison  with  a  Whitworth 
standard  steel  bar,  i  metre  long,  the  difference  being  mxjasured  by  a  micro- 
meter. The  rod  was  then  placed  in  position  in  tJie  water  jacket  A',  which 
was  well  lagged  with  asbestos,  the  stop  D,  and  the  piston  and  the  stuffing-box, 
P  and  H,  fixed  in  position.  Cold  water  was  allowed  to  flow  through  the 
apparatus  until  the  thermometers  showed  that  the  temperature  was  constant 
to  within  o'i°C.  The  thermometers  were  calibrated  from  time  to  time  so  as 
to  check  the  constancv  of  their  indications.  The  thermometers  showed  that 
the  temperature  was  practically  constant  during  the  actual  determinations. 
The  micrometer  was  then  screwed  down  until  the  piston  P  pressed  upon  the 
end  of  the  rod  and  a  reading  of  the  position  of  the  micrometer  was  then 
taken.  A  series  of  readings  were  taken  of  the  thermometers  and  the  micro- 
meters, over  a  period  of  half  an  hour,  so  as  to  ensure  that  the  temperature  and 
other  conditions  of  the  bar  were  constant.  The  cold  water  was  then  run  out, 
and  a  steady  current  of  steam  was  maintained,  until  the  thermometers  showed 
that  a  constant  temperature  was  reached.  The  micrometer  C  was  again 
screwed  down  on  to  P,  and  the  reading  taken.  A  series  of  readings  were 
taken  of  both  micrometer  and  thermometers.  The  bar  was  kept  at  the 
temperature  of  the  steam  for  half  an  hour,  and  comparative  tests  showed  that 
temperature  equilibrium  between  the  steam  and  metal  was  established  in  ten 
to  fifteen  minutes.  At  the  completion  of  the  measurement  the  steam  was 
shut  off,  and  cold  water  circulated  through  the  apparatus.  When  the  initial 
temperature  was  reached,  the  first  readings  of  the  micrometer  were  checked. 
The  readings  at  the  higher  temperature  were  repeated  by  again  heating  to 
the  temperature  of  steam'.  It  w^is  found  that  successive  determinations  made 
with  the  same  bar  agreed  to  within  o-2  to  0-3  per  cent.  During  the  whole  of 
the  measurements  the  temperature  of  the  tube  A  was  kept  constant  by  a 
steady  current  of  water,  and  the  bronze  clamps  B,  and  B^,  were  shielded  from 
radiant  heat  by  thick  asbestos  screens.  The  temperature  of  the  bar,  as 
indicated  by  the  thermometers  T,,  T^,  Ty  showed  that  a  constant  temperature 
was  maintained  in  the  jacket  to  wifliin  o'i°C. 
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Haiii-draun  Alioniiiiiiiii. 


Length  of  Bar 

Temperature  Rise, 

Increase  in  Length 

in  cin.  =  /. 

^.=U^-i^). 

in  mm.=^/. 

IOO-2664 

87-5 

2-II7 

2-413  X  10- 

-s 

I00-I700 

88-1 

2-119 

2-406       „ 

1002664 

88-3 

2-130 

2-406      „ 

1002664 

88-0 

2-167 

2-456    „ 

IOC  1920 

89-4 

2-175 

2-428      „ 

IOOI920 

89-9 

2-2IO 

2-454    ., 

IOOI692 

98-02 

2-225 

2-441     .- 

I  DO- 1692 

91-0 

2-220 

2-436    ,. 

IOOI900 

89-3 

2-175 

2-431     ., 

ioo"i90o 

88-7 

2-167 

2-438    ., 

100-2560 

87-8 

2-162 

2-455          n 

100-2560 

90-6 

2-207 

2-430         „ 

100-2560 

90-5 

2-197 

2-430         „ 

1000560 

89-3 

2-173 

2-430         „ 

1000560 

90-1 

2-180 

2*420         „ 

100-2498 

89-5 

2-185 

2-436         „ 

IOO-249S 

91-4 

2-225 

2-430         „ 

These  results  give — 

/3  =  2-432  X  io~5±  0*0036  X  10-5 

as  a  mean  of  the  above  seventeen  determinations.     The  mean  probable  error 
was  calculated  from  the  formula — 


x(N--i)' 

where  ^d-  is  the  sum  of  the  squares  of  the  differences  between  the  mean  and 
each  determined  value  of  /3,  and  X  is  the  number  of  determinations. 

Annealed  Aluminium. 


Length  of  Bar 

Temperature  Rise, 

Increase  in  Length 

T             ^' 

in  cm.  =  /. 

°c.=a,-h). 

in  mm.=A/. 

^-/(/.-/.)- 

100-1055 

88*6 

2-190 

2*469  X  10- 

-s 

100-2543 

88-7 

2-187 

2-459    » 

100-2543 

88-5 

2-187 

2-465    ,, 

100-2591 

89-7 

2-217 

2-465     „ 

100-2405 

89*8 

2-2l6 

2-461      „ 

100-2405 

90*4 

2-225 

2-453     ,. 

100-2405 

89*2 

2-193 

2-453     ., 

100-1075 

88*5 

2-170 

2-450    „ 

100-1075 

88*7 

2-185 

2-461      „ 

100-1075 

88*7 

2-190 

2466      „ 

100-1075 

89*2 

2-200 

2-464    „ 

100-2403 

89*6 

2-202 

2-452     „ 

1000810 

89*0 

2-180 

2-447    » 

1000810 

90*0 

2-205 

2-433    » 

100-2498 

89-5 

2-197 

2-438              M 

1002498 

90-5 

2-2IO 

2-436              „ 
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The  general  mean  of  the  above  determinations,  sixteen  in  number,  is — 

/i  :=  2-454  X  io~5  ±  0-0028  X  lo-^ 

From  the  two  series  of  measurements  above  the  variation  in  length  of  an 
aluminium  rod  can  be  calculated  from  the  formuL-e— 

Hard-drcmii  Alimiiiiiuiii. 
L.  =  L(  I  —  0*00002432/) 

A  nil  id  It'll  Aluiiiiiiiuiii. 
L.  =  L(i  —  o'oooo2454/) 
between  the  limits  of  temperature  o"^  to  100°  C. 

Sources  of  Error  in  tlie  Dcicrminatioiis. 

The  measurements  above  recorded  could  all  be  reproduced  by  repetition 
of  the  heating  and  cooling  to  withm  0-2  to  o'3  per  cent.  Since  the  micro- 
meters were  capable  of  being  read  to  0-0025  nini^.  and  since  the  total  expan- 
sion measured  was  about  2-2  mm.,  the  maximum  error  of  measurement  was 
0-13  per  cent. 

The  error  in  the  temperature  readings  was  not  greater  than  o-i°  C.  The 
correction  of  the  thermometers  was  effected  by  checking  their  indications  by 
substances  of  known  melting  and  boiling  points.  The  corrected  temperature 
differences  were  used  in  calculating  /3. 

The  errors  due  to  the  slight  expansion  of  the  stop  D  and  the  piston  P 
were  found  to  be  negligible  by  varying  the  length  of  the-se  two  parts.  The 
length  of  D  and  P  together  was  3  cm.  in  one  series  of  measurements,  and 
15  cm.  in  another  series.  The  results  were  practically  identical,  as  will  be 
seen  from  the  following  figures  : — 


Length  of  bar  in  cm.     ... 
Temperature  rise 
Increase  in  length  in  mm. 


Shorter  Ends. 


100*2403 

89-6°  c. 

2*202 
2*452  X   10" 


Longer  Ends. 


100*1075 

88*5<^  C. 

2-170 

2*450  X  10-5 


The  temperature  rise  of  these  parts  was  only  small,  and,  owing  to  the 
shortness  of  the  ends,  the  error  caused  was  not  greater  than  0*003  mm. 
The  results  obtained  are  somewhat  higher  than  the  recorded  values  of  /3. 
Fizeau  *  found  2*313  x  lo"^  up  to  40°  C.  and  2*336  x  lo"^  up  to  50^  C, 
while  Le  Chatelier,f  working  with  much  purer  aluminium,  found  2*46  x  lO"' 
up  to  63°  C. 

The  coefficient  of  linear  expansion  was  invariably  found  to  be  slightly 
higher  for  annealed  aluminium  than  for  hard-drawn  aluminium,  but  the  third 
significant  figure  is  somewhat  uncertain,  owing  to  the  errors  of  the  deter- 
mination. The  mean  value  for  /i,  calculated  from  forty-eight  determinations 
made  upon  hard  and  annealed  aluminium,  was — 

/3  =  2*450  X  io~5*per  degree  Centigrade, 

or  1-361  X  10-5  per  degree  Fahrenheit. 

The  above  measurements  were  made  upon  twelve  different  rods,  and  the 
results  were  reproduced  several  times  before  they  were  considered  reliable. 

•  C.  R^  68,  1 125  {1869)  :  J'ogg,  Anil.,  138,  28  (1869). 
t  C.  R.,  108,  1096  (i889r 
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The  accuracy  of  the  expansion  apparatus  was  tested  by  measuring  the 
expansion  of  a  bar  of  pure  high-conductivity  copper.  The  vahie  obtained 
was  1 758  X  io~S  a  value  which  is  practically  identical  with  that  given  by 
Zakrzewski,  •=  who  found  1753  X  io~5. 

Chemical  Laboratories, 
British  Insulated  and  Helsby  Cables,  Ltd. 

DISCUSSIOX. 

Dr.  R.  Seligman  :  I  tiiink  the  thanks  of  this  Society  arc  due  to  Dr. 
Brislee,  not  only  for  putting  the  matter  contained  in  his  paper  before  it,  but 
for  having  set  an  example  which  might  profitably  be  followed  by  others  of  the 
scientists  attached  to  the  large  metallurgical  establishments.  In  the  second 
instance,  I  wish  to  support  Dr.  Brislee's  contention  that  the  physical  proper- 
ties of  aluminium  should  be  redetermined  with  the  accuracy  of  which  modern 
methods  are  capable,  for  there  can  be  no  doubt  that  many  of  the  figures  still 
given  in  text-books  and  literature  are  far  from  correct.  A  good  deal  of  pro- 
gress has  been  made  in  this  direction  of  late  years,  but  there  is  still  room  for 
much  work  in  this  field.  For  instance,  we  are  still  without  any  satisfactory 
data  as  to  the  thermal  conductivity  of  aluminium  and  its  strength  under  com- 
pression and  other  properties,  which  I  venture  to  hope  will  engage  the  atten- 
tion of  Dr.  Brislee  and  the  chemists  of  other  companies  dealing  with 
aluminium,  and  having  the  same  opportunities  as  he  has. 

Dealing  now  with  the  particular  properties  examined  by  Dr.  Brislee, 
it  must  come  as  a  shock  to  many  members  that  the  most  salient,  if  not 
the  most  important,  property  of  aluminium,  its  specific  gravity,  should 
require  redetermination  in  the  year  191 1,  But  I  can  assure  members  of  the 
crving  necessity  for  the  work  just  done  by  Dr.  Brislee  on  this  subject.  The 
older  figures  which  have  been  used  are  entirely  erroneous,  and  have  in 
mv  own  experience  led  to  much  difficulty  and  trouble.  It  is  clear  that  if  an 
engineer  counts  on,  say,  2-67  as  the  specific  gravity  of  his  metal,  he  will  be  in 
difficulties  if,  when  he  has  made  a  certain  piece  of  machinery,  he  finds  that 
actually  the  metal  was  much  heavier. 

Now,  Dr.  Brislee's  results  are  materially  higher  than  those  adopted  by 
other  aluminium  companies,  and,  in  my  opinion,  there  can  be  no  doubt  that 
his  are  the  truer  values.  His  results  for  cast  metal  being  presumably  done  on 
chill  castings  are  in  good  agreement  with  the  most  recent  publication  on  the 
subject,  his  2708  comparing  with  the  271  obtained  by  Professor  Carpenter  for 
metal  containing  0*25  per  cent.  Si  and  0*14  per  cent.  Fe,  and  is  probably  more 
accurate  than  my  own  result  with  Mr.  Willott  of  2702. 

Dr.  Brislee's  results  are  also  in  agreement  with  those  of  Professor  Car- 
penter in  another  direction,  to  which  I  have  drawn  attention  elsewhere.  It 
seems  so  incomprehensible  to  me  that,  in  view  of  the  very  great  differences  in 
their  mechanical  properties,  a  rolled  bar  or  a  drawn  wire  of  aluminium  should 
have  practically  the  same  density  as  a  chill  casting,  as  both  Dr.  Brislee  and 
Professor  Carpenter  found.  The  wire,  for  instance,  may  have  a  tenacity  of 
about  three  times  that  of  the  casting,  and  yet  they  apparently  have  the  same 
specific  gravity.  One  could  perhaps  understand  this  if  there  were  any  evi- 
dence of  the  wire  being  in  the  state  described  by  Kahlbaum,  and  explained 
by  Dr.  Beilby  in  his  May  lecture  to  the  Institute  of  Metals.  According  to 
this  explanation,  wires  which  have  been  overdrawn  lose  both  in  tenacity  and 
density,  but  the  loss  of  density  is  restored  by  annealing.  The  rods  tested  by 
Dr.  Brislee  showed  no  gain  on  annealing.  If  Dr.  Brislee  has  considered 
*  K'rak.  Anz.,  1889,  Xo.  19. 
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this  point,  I  for  one  should  be  very  glad  to  hear  his  views  on  what  I  cannot 
but  consider  an  important  question  both  to  the  wire  drawer  and  others  who 
work  aluminium.  I  am  sorry  that  Dr.  Brislee  did  not  find  time  to  add  some 
determinations  on  rolled  sheet. 

I  do  not  know  why  Dr.  Brislee  should  assume  that  the  iron  taken  up 
by  aluminium  during  remclting  would  tend  to  reduce  the  specific  gravity. 
Surely  the  reverse  would  be  the  case,  so  that  the  decrease  in  gravity  on 
remclting  should  be  laid  almost  entirely  upon  the  gas  absorbed.  This 
phenomenon  is  particularly  noticeable  if  the  metal  is  remelted  at  unduly  high 
temperatures,  as  the  aluminium  producers  know  to  their  cost.  There  has  been 
a  regular  epidemic  of  occluded  gas  in  the  aluminium  produced  during  the 
last  twelve  months,  not  only  in  this  country,  but  also  abroad,  the  cause  of  which 
I  showed  some  six  or  seven  years  ago  to  be  overheating.  I  am  glad  to  say  that 
the  epidemic  has  shown  signs  of  abating  latterl}*. 

The  result  obtained  by  Dr.  Brislee  for  the  linear  expansion  of  aluminium 
varies  appreciably  from  the  figure  given  by  Professor  Carpenter,  but  I  do  not 
think  that  in  this  case  Professor  Carpenter  would  claitn  for  his  results  anything 
like  the  accuracy  of  the  present  paper.  The  range  of  his  measurements  is  also 
quite  different. 

Perhaps  I  may  give  an  instance  of  the  importance  of  accurate  information 
on  this  subject.  I  was  recently  called  in  to  examine  an  aluminium  vacuum 
pan  made  on  the  Continent  for  a  firm  of  oil  distillers,  about  lo  ft.  long,  which 
had  collapsed.  I  found  that  the  collapse  W'as  due  to  insufficient  allowance  for 
the  dift'erence  in  expansion  of  aluminium  and  iron  under  the  influence  of  high 
temperature. 

Dr.  G.  Senter  said  that  according  to  the  observations  of  Sieverts  (Berichte, 
1910,  43,  893)  the  solubility  of  gases,  both  in  solid  and  fused  metals,  increases 
with  the  temperature.  It  follows  that  when  the  properties  of  a  metal  are 
adversely  affected  by  a  dissolved  gas  the  effect  is  likely  to  be  the  greater  the 
higher  the  temperature  to  which  the  metal  is  heated  in  contact  with  a  gas. 

The  Chairman  recalled  the  case  of  a  pressure  pan  which  had  steam  be- 
tween the  two  walls,  which  turned  completely  inside  out.  Fortunately  the  pan 
was  empty,  and  it  was  successfully  turned  back  again,  thus  showing  the  ex- 
treme toughness  of  the  aluminium,  which  showed  no  perceptible  cracks,  and 
after  stiffening  was  used  successfully. 

Dr.  F.  J.  Brislee  {communicated  reply) :  In  reply  to  Dr.  Seligman,  I 
wish  to  say  that  at  present  I  am  still  further  investigating  the  change  of 
density  of  aluminium  with  work.  I  have  made  a  number  of  experiments 
upon  hard  drawn  wire  and  hard  rolled  sheet,  the  wire  being  o*o8o  and  O'o65 
inch  diameter  and  the  sheet  0"0i8  inch  thick,  but  all  the  figures  obtained 
so  far  favour  the  lower  figure,  viz.,  27080.  I  must  confess  that  up  to  the 
present  I  am  entirely  at  a  loss  to  account  for  this,  especially  as  the  wire  had 
been  drawn  cold  from  f -inch  rod  and  the  sheet  cold  rolled  from  2-inch  slab.  I 
have  also  determined  the  density  of  cast  aluminium  and  annealed  for  fourteen 
hours,  then  redetermined  the  density  and  again  annealed  for  a  further 
period  of  fourteen  hours  and  again  determined  the  densit}',  but  the  result  was 
a  practically  consistent  figure.  I  hope  to  be  able  to  communicate  these 
results  to  the  Society  at  a  later  .date,  and  perhaps  an  explanation  of  the 
anomaly  may  be  forthcoming.  In  regard  to  the  occlusion  of  gases  by 
aluminium,  I  have  recently  found  a  considerable  amount  of  nitrogen  in 
remelted  aluminium,  especially  when  the  temperature  has  been  allowed  to 
rise  excessively  above  the  melting-point,  and  there  is  no  doubt  that  the  absorp- 
tion of  gas  by  a  metal  would  result  in  a  great  diminution  of  density. 


THE   SOLUTIOX    VOLUMES   OF   NITRIC   ACID. 
By   V.    H.   VELEY,    F.R.S. 

{A  Paper  read  before  the  Faraday  Society,  Wednesday,  December  6,  191 1, 
Dr.  J.  A.  H.4KKER,  F.R.S.,  in  the  Chair.) 

Attention  has  been  drawn  within  recent  years  b}'  the  investigations  of 
Bousfield  and  Lowry  *  to  solution  volumes,  namely  the  volumes  occupied  by 
one  gram  of  solute  under  different  conditions  of  concentration  and  tempera- 
ture. By  this  conception  there  are  studied  the  effects  produced  by  such 
variations  on  the  solute  only  instead  of,  as  heretofore,  on  the  solute  and  solvent, 
taken  conjointly,  in  the  form  of  the  resulting  contractions. 

Further,  it  is  now  generally  held  that  liquid  water  is  a  ternary  mixture  of 
trihydrol,  HsOj,  dihydrol,  H^O,,  and  monohydrol,  H.O,  the  relative  propor- 
tions of  which  vary  with  the  temperature.  (For  the  arguments  in  favour  of 
this  hypothesis  reference  may  be  made  to  the  general  discussion  on  the 
constitution  of  water. |)  When  therefore  a  solute  is  added  to  water  two 
events  may  occur  :  firstly,  the  solute  may  break  up  the  more  complex  hydrol 
molecules,  and  secondly,  the  solute  may  combine  with  the  resolved  molecules 
to  form  hydrates,  the  second  event,  if  it  occurs,  following  immediately  upon 
the  first.  In  the  case  of  certain  metallic  and  ammonium  salts  the  first  event 
only  occurs,  but  in  the  case  of  other  salts,  as  also  of  the  stronger  acids  and 
bases,  both  events  take  place,  so  that  at  certain  concentrations  a  condition 
of  equilibrium  may  be  set  up  between  water  and  solute  on  the  one  hand  and 
the  hydrate  of  the  solute  on  the  other. 

From  a  study  of  certain  physical  properties  of  nitric  acid,  namely,  electric 
conductivity,  refractive  indices,  densities  and  contractions,  Manley  and  the 
author  \  found  alterations,  more  or  less  defined,  at  concentrations  approxi- 
mately coincident  with  the  composition  of  certain  hydrates,  all  of  which  had 
been-  noted  by  previous  workers.  It  does  not  appear  to  be  necessary  to 
recapitulate  the  evidence,  though  it  might  be  worth  while  to  allude  to  a 
criticism  to  the  effect  that "  the  more  carefully  work  of  this  type  is  conducted, 
the  greater  number  of  hydrates  discoverable."  Such  a  criticism  can  hardly 
be  taken  seriously,  as,  clearly,  it  would  be  subversive  of  all  careful  work  in 
any  branch  of  science  if  it  were  held  that  greater  care  did  not  lead  to  greater 
knowledge. 

But  besides  the  discontinuities  corresponding  to  the  formation  of  hydrates, 
there  is  a  well-marked  point  of  alteration  for  all  physical  properties  at  a 
concentration  of  about  95  per  cent.,  to  which  attention  had  not  previously 
been  drawn  ;  in  this  respect  nitric  resembles  sulphuric  acid.  The  view  was 
formerly  held  that  the  two  cases  were  similar,  in  that  as  sulphuric  acid  of  96 
to  100  per  cent,  contains   HjS04  and  SO3  molecules,  so  nitric  acid  of  like 

•  Phil.  Trans.,  1905,  A,  204,  253  ;  Trans.  Far.  Soc,  I910,  5,  407. 
t  Trans.  Far.  Soc,  1910,  5,  393-445. 

J  Phil.  Trans.,  1898,  A,  191,  365  ;  Proc.  Roy.  Soc,  1902,  69,  86  ;  Jount.  Chew. 
Soc,  1903,  83,  1015  ;  Journ.  Soc.  Chem.  Indust.,  1903,  223,  &c. 
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concentration  contains  HNO3  and  NjO;  molecules.  But  it  now  appears  that 
in  the  case  of  the  latter,  if  not  of  both,  the  hypothesis  of  associated  molecules 
nHNOj  and  nH^SO^,  analogous  to  nH.O,  is  more  probable. 

For  the  purpose  of  calculating  out  the  solution  volumes  of  nitric  acid  the 
determinations  are  utilised,  which  were  made  by  the  author  of  the  densities  at 
different  concentrations,  and  at  the  three  temperatures  4°,  I4'2°,  and  24*2^  (in 
terms  of  water  of  4°)  ;  most  of  these  are  reproduced  in  the  Physikalisch 
Chcmischc  Tabelkn  '^'  of  Landolt-Bornstein-Meyerhoffcr. 

It  should  be  noted  that  the  concentrations  were  determined  by  volumetric 


analysis,  since  stock  solutions  of  100  per  cent,  nitric  acid  can  only  be  prepared 
with  difficult}',  and,  when  so  prepared,  cannot  be  kept  for  a  long  time  ;  it  is, 
therefore,  admitted  that  such  results  are  not  of  the  order  of  accuracy 
obtainable  in  cases  in  which  a  substance  can  be  weighed  with  an  error  of 
a  few  decimilligrams.  There  is,  also,  the  further  weak  point  that,  whereas 
the  errors  of  volumetric  analysis  may  amount  even  in  favourable  circum- 
stances to  as  much  as  i  in  400  parts,  the  errors  of  density  determinations  may 
amount  to  as  little  as  i  in  40,000  parts.  A  comparison  of  solution  volumes 
as  regards  temperature  is  also  restricted  by  the  instability  of  concentrated 
nitric  acid  at  temperatures  above  25"^,  thus  preventing  determinations  of  any 
degree  of  exactness. 

•  AuBage  5;*p.  325,  Berlin,  1905. 
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The  determinations  at  i4"2/4°  and  24*2/4°  were  recalculated  in  terms  of 
i4-2/i4-2°  and  24-2/24-2'  respectively,  taking  the  density  of  water  at 
I4"2' =0-99926  and  at  24-2°  =0-99727.*  For  the  purpose  of  an  outline  the 
densities  for  each  difference  of  10  per  cent,  were  calculated  by  interpolation 
on  the  assumption  that  within  slight  differences  the  density  is  a  linear 
function  of  the  concentration.  From  the  figures  thus  obtained  the  solution 
volumes  were  calculated  out  by  means  of  the  formula — 


(100— />)V  +/>V  = 


D 


in  which  V  are  the  volumes  of  water  at  the  three  different  temperatures, 


ftjftnffijei 


taken  from  Scheel's  tables,  V  the  required  solution  volumes  of  nitric  acid,  D 
the  densities,  as  calculated,  and  />  the  percentage  concentrations. 

The  results  are  given  in  Table  I.,  and  the  successive  differences  for  each 
10  per  cent,  in  Table  II. 

Taule  I. 

Solution   Volumes  of  1  Gram  Nitric  Acid. 


Temp. 

10 

20 

30 

40 

SO 

60 

70 

80 

90 

100 
per  Cent. 

4^ 
14-2= 
24-2= 

•4370 
•4491 
■4727 

•4523 
•4638 
•4786 

•4626 
•4776 
■4913 

•4760 

•494* 
■5070 

•5044 
•5164 
-5257 

5343 
5447 
■5553 

•5631 
■5755 
•5847 

■5945 
•6037 
■6138 

•6268 
•6329 
•6381 

•6484 
•6564 
•6631 

•  Thiesen,  Scheel,  and  Disselhorst's  Tabcllett,  p.  13. 
Vol.  VII,    Part  3. 
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Table  II. 
Successh'e  Differences  for  each  lo  per  Cent. 


Temp. 

10 

20 

30 

40 

SO 

60 

70 

80 

go 

100 
per  Cent. 

4° 
I4-20 

24-20 

•4370 
•4491 
•4727 

•0153 
-0142 
■0069 

•0103 
•0138 
•0127 

0124 
•0166 
•0157 

-0284 
0222 
■0187 

•0299 
•0283 
■0298 

■0288 
■0309 
'0291 

■0314 
•0278  . 
•0271 

■0323 
■0292 
•0263 

0216 
"0215 
0250 

On  inspection  of  the  figures  in  the  latter  table  it  is  evident  that  (i)  the 
greatest  increase  occurs  between  o  and  10  per  cent.,  in  round  figures  two- 
thirds  of  the  whole,  (2)  the  increase  from  10  to  50  per  cent,  is  comparatively 
small,  and  (3)  that  between  50  and  100  per  cent,  is  more  rapid  and  uniform 
with  a  slight  falling  off  at  the  last  figure. 

The  50  per  cent,  point  corresponds  very  approximately  with  that  of 
maximum  contraction,  which  occurs  at  53-54  per  9ent.  (as  originally  observed 
bv  Kolb,"*=  and  confirmed  by  Manley  and  the  author),  which  corresponds  to 
the  composition  of  the  hydrate  HNO3.3H2O.  The  slight  falling  off  at 
100  per  cent,  is  in  accordance  with  the  variation  noted  in  the  text  above. 

The  two  limits  of  concentration  which  appear  to  call  for  more  especial 
consideration  are  from  o  to  10  per  cent,  on  the  one  hand,  and  from  90  to 
100  per  cent,  on  the  other ;  intermediate  points  were  selected,  namely  4'68 
and  7'9  per  cent,  for  the  former,  and  for  the  latter  94*04  and  98-07  per  cent, 
respectively.  The  solution  volumes  and  the  successive  differences  are  given 
in  Tables  III.  and  IV.  similarly  as  in  the  two  previous  tables. 


Table  III. 
Solution   Volumes  of  1  Gram  Nitric  Acid. 


Tempera- 
ture. 

4-68 

79 

1 
10 

90 

94-04 

9807 

100 
per  Cefit. 

24-2° 

•4342 
•4536 
•4693 

•4375 
•4506 
•4721 

•4370 
•4491 

•4727 

•6268 
■6329 
•6381 

•6364 
■6443 
•6523 

•6445 
•6535 
•6601 

•6484 
•6564 
•6631 

Table  IV. 
Successive  Differences. 


Tempera- 
ture. 

4-68 

79 

10 

1 
90 

9404 

98-07 

100 

per  Cent. 

24-2° 

-1-  -4342 
4-  -4536 
+  -4693 

+  -0033 
— -0030 
4-  '9028 

—•0005 
— •0015 
-f  "0006 

— 

4-  -0096 
4- -0114 

4-  -0142 

4- -0081 

+  "OIOI 

4-  '0078 

4-  '0039 
4-  "0029 
4-  -0030 

It  will  be  noted  that  the  differences  between  the  limits  4  and  10  per  cent, 
are  very  small,  and  almost  within  the  limits  of  experimental  errors,  and  as  it 
was  thought  possible  that  there  might  be  such  errors.  Lunge's  density  deter- 

'     •  Ann.  Chem.tt^iys.,  1867  [4],  10,  140. 
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minations  at  15/4°  for  similar  concentrations  were  calculated  out  according  to 
the  methods  described  above  ;  the  results  are  given  in  Tables  V.  and  VI. 

Table  V. 
Solution   Volumes  of  i  Gram  Xitric  Acid. 


Temperature. 

4-6 

7'26 

10  per  Cent. 

15° 

•4442 

•4472 

•4463 

The  values  of  the  successive  differences  in  the  two  sets  of  data  are  practi- 
cally identical,  and  it  would  follow  that  the  initial  rapid  increase  in  the  value 
of  the  solution  volumes  takes  place  between  o  and  4  per  cent.  Previous 
observers  have  called  attention  to  a  slight  variation  of  physical  properties  at 
the  latter  concentration,  but  no  stress  has  been  laid  upon  this  point,  mainly 
because  most  persons  are  sceptical  as  to  the  existence  of  hydrates  containing 
a  large  number  of  water  molecules  ;  further,  the  complex  nature  of  the 
molecules  of  liquid  water  was  not  realised. 


Table  VI. 
Successive  Differences. 


Temperature. 

4-6 

7-26 

10  per  Cent. 

15° 

■4+42 

+  •0030 

—'0009 

As  to  the  second  limit  of  concentration,  namely,  90  to  100  per  cent.,  the 
successive  differences  gradually  decrease,  that  between  98  and  100  per  cent. 
being  the  most  apparent.  To  make  the  results  clearer,  they  are  set  out  in 
graphs  I  and  2,  percentages  being  taken  as  abscissre  and  solution  volumes  as 
ordinates.  For  each  of  the  three  temperatures  4°,  14*2^,  and  24'2^,  these 
graphs  are  divided  into  two  sections,  the  three  lower  for  concentration  limits 
4  to  50  per  cent.,  and  the  three  higher  for  50  to  100  per  cent. ;  the  origin  of 
co-ordinates  for  the  three  latter  is  shifted  in  each  case  for  the  purpose  of 
avoiding  overlaps. 

It  is  thus  evident  that  the  values  from  4  to  50  per  cent,  lie  upon  hyperbolic 
curves  with  the  lower  extremity  flattened,  and  the  values  from  50  to  94  per 
cent,  lie  upon  straight  lines ;  and,  lastly,  those  from  94  to  100  per  cent,  lie 
upon  a  curve,  with  the  upper  extremity  flattened. 

The  probable  explanation  of  the  rapid  increase  in  the  solution  volumes 
from  o  to  4  per  cent,  is  that  the  addition  of  the  nitric  acid  causes  a  resolution 
of  the  trihydrol  and  dihydrol  molecules,  which  becomes  nearly  complete  at  a 
concentration  of  4  per  cent.,  from  which  point  hydration  commences  ;  or 
possibly  only  the  trihydrol  molecules  are  resolved,  and  the  curved  portion 
from  ID  to  50  per  cent,  may  result  from  the  resolution  of  the  dihydrol 
molecules  and  the  formation  of  hydrates  taking  place  in    rapid  succession. 

As  stated  above,  the  results  from  94  to  100  per  cent,  are  probably  due  to 
the  production  of  complex  molecules  of  nitric  acid. 
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Comparison  with  Sulphuric  Acid. — As  sulphuric  acid  resembles  nitric  acid 
in  the  relations  of  certain  physical  properties,  the  solution  volumes  of  the 
former  were  calculated  between  the  same  concentration  limits  of  o  to  lo  and 
90  to  100  per  cent.  P'or  this  purpose  the  density  values  of  Domke  and  Bein,* 
being  those  recalculated  from  the  original  observations  of  these  authors,! 
were  utilised,  the  values  at  15/15'  being  selected. 

The  data  of  the  solution  volumes  and  successive  differences  are  given  in 
Tables  VII.  and  VIII.,  as  comparable  with  the  previous  tables. 

T.^BLE   VII. 
Solution   Volumes  of  i   Gram  Sulphuric  Acid. 


Tempera- 
ture. 

4          !           7 
1 

10 

1 

90 

94 

98 

100 

per  Cent. 

15° 

■3375         •34i?o 

•3480 

•4993 

'•5160 

•5246 

•5447 

As  regards  the  lower  limit,  it  is  apparent  that  (i)  the  increase  in  solution 
volume  is  very  great  between  o  and  4  per  cent.,  amounting  to,  in  round 
figures,  three-fifths  of  the  whole  ;  (2)  the  values  at  7  and  10  per  cent,  are,  as 
in  the  case  of  nitric  acid,  identical.  As  to  the  upper  limit,  the  irregularitv  is 
of  different  type,  the  values  for  90,  94  (99),  and  100  per  cent,  being  approxi- 
mately linear  functions  of  the  concentration.  The  similarit}'  and  difference 
of  sulphuric  and  nitric  acid  are  rendered  apparent  b\'  the  graphs  3  and  4, 
drawn  as  the  former  graphs  but  on  a  more  extended  scale. 

T^BLE  VIII. 
Successive  Differences.  • 


Tempera- 
ture. 

4 

7 

10 

90 

94 

98 

100 
per  Cent. 

15° 

•3375 

•0105 

0 

1 

— 

•0167 

•0086 

•0201 

Bousfield  and  Lowry  (cf.  supra),  in  discussing  their  results  obtained  with 
sodium  h3-droxide,  remark  that  the  most  complex  solution  is  water,  and  the 
greatest  simplification  is  reached  with  a  50  per  cent,  solution  of  the  base, 
which  is  about  the  limit  of  its  solubility.  The  results  with  nitric  acid  show 
equally  that  the  greatest  simplicity  is  likewise  reached  at  about  50  per  cent., 
and  remains  constant  up  to  about  94  per  cent,  concentration  ;  those  of  both 
nitric  and  sulphuric  acids  also  show  that  the  most  complex  solutions  are,  on 
the  one  hand,  water,  and  on  the  other  the  acids  themselves.  The  causes  of 
these  phenomena  are,  in  all  probability,  identical,  namely,  the  presence  of 
polymeric  or  associated  molecules. 

There  is,  of  course,  the  great  point  of  difference  between  sodium  hydroxide 
and  the  two  acids  in  question  that  whereas  the  former  is  an  electrolj'tic  con- 

•  Tabcllcn,  p.  116.  , 

t  Kaiscrlichc  Normal-Eichtfiigs  KoHiviission,  Heft  5,  Berlin,  1904. 
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ductor  wlien  fused  and  anhydrous,  both  the  latter  when  free  from  water  are 
conductors  of  a  low  order,  and  doubtless,  if  prepared  and  examined  in  vessels 
made  of  materials  other  than  glass,  might  turn  out  to  be  perfect  non-con- 
ductors. 

Tlie  author  proposes  to  study  the  densities  of  dilute  solutions  of  certain 
metallic  salts,  which  can  be  weighed  out  with  accuracy,  in  order  to  determine 
whether  there  are  irregularities  of  a  similar  type  to  those  observed  in  the  case 
of  solutes  discussed  in  the  present  communication. 


DISCUSSION. 

Dr.  T.  M.  Lov/ry  was  astonished  that  so  eminent  an  authority  as  Dr. 
Veley  could  fall  into  the  error  of  supposing  that  the  quotient — 

,   ^.  ,  increase  of  volume  of  liquid 

solution  volume  = r—r- — -. — t—l .  .    , — 

weight  ot  solute  added 

must  become  equal  to  zero  at  infinite  dilution  merely  because  under  these 
conditions  the  numerator  and  denominator  had  both  become  too  small  to 

be  measured.     The  assumption  that  -^o  was  particularly  unjustified,  when 

applied  to  solution-volumes.  The  solution-volume  was  defined  as  the  increase 
of  volume  produced  by  adding  one  gram  of  solute  to  a  given  volume  of 
solvent.  Dr.  Veley  appeared  to  have  committed  himself  to  the  view  that,  if 
the  volume  of  solvent  were  large,  no  increase  of  volume  would  be  produced 
by  the  addition  to  it  of  a  gram  of  salt  or  of  any  other  soluble  substance.  The 
absurdity  of  such  a  contention  could  be  seen  at  once  if  the  "  solute  "  were 
not  a  salt,  but  a  liquid  like  alcohol,  or  finally  water  itself,  which  must  surely 
share  with  all  other  solutes  the  quality  which  Dr.  Veley  had  attributed  to 
them  of  vanishing  into  zero  volume  when  added  to  a  sufficiently  large  quan- 
tity of  water  acting  as  "  solvent." 

In  Dr.  Veley's  Paper  this  question  was  not  one  of  abstract  philosopiiy. 
He  had  tabulated  as  experimental  data  differences  between  two  quantities, 
of  which  only  one  had  been  measured  whilst  the  other  was  totally  unknown. 
The  figures  given  in  column  2  of  Tables  II,,  IV.,  and  VI.,  were  not  experimental 
data  at  all,  but  mere  guesses  based  upon  an  unproved  hypothesis  in  reference 
to  the  limiting  values  of  the  solution-volumes  in  very  dilute  solutions.  To 
tabulate  them  in  the  same  way  as  the  measured  differences  in  the  later 
columns  was  to  confound  fact  with  fancy,  if  not,  indeed,  truth  with  error. 
In  the  subsequent  discussion  no  distinction  was  made  between  the  known 
and  the  unknown  ;  thus  whilst  the  author's  conclusions  in  reference  to  con- 
centrated solutions  were  based  upon  actual  measurements,  those  in  reference 
to  the  most  dilute  solutions  were  based  upon  no  foundation  of  fact,  and  were 
therefore  little  more  than  idle  speculation. 

The  occurrence  of  zero  values  for  solution-volumes  was,  of  course,  well 
known,  the  most  familiar  case  being  that  of  caustic  soda,  of  which  100  grams 
could  be  added  to  a  litre  of  water  without  increasing  its  volume.  But  in  this 
case  the  solution-volume  became  increasingly  negative  on  dilution  and  gave  no 
indication  whatever  of  any  tendency  to  return  to  a  zero  value.  Even  if  cases 
could  be  discovered  in  which  the  solution-volume  of  a  salt  tended  towards 
a  zero  value  at  infinite  dilution  it  was  unlikely  that  this  would  be  a  general 
phenomenon.  Moreover,  the  experimental  conditions  were  such  that  the 
zero  could  only  be  reached  by  a  long  and  dangerous  extrapolation,  and 
could  not  be  distinguished  from  a  small  positive  or  negative  value. 
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The  speaker  hoped  that  Dr.  Veley  would  be  able  to  see  his  way  to  with- 
draw the  figures  to  which  reference  had  been  made  and  to  replace  them  by 
"blanks"  or  "queries";  the  probable  values  of  the  unknown  quantities 
occupying  these  spaces  might  well  form  the  subject  of  detailed  discussion 
in  a  later  paper. 

Mr.  Colebrook  Reynolds  remarked  with  reference  to  Dr.  Veley's  sug- 
gestion as  to  polymerisation  of  the  molecules  of  concentrated  nitric  acid  that 
it  was  supported  by  the  fact  that  light  only  decomposes  the  vapour  of  and 
not  liquid  nitric  acid,  indicating  that  the  molecules  of  the  two  states  were 
very  different. 

Dr.  G.  Senter  agreed  with  Dr.  Lovvry  that  the  limiting  volume  of  nitric 
acid  at  zero  dilution  could  not  be  zero,  as  assumed  by  the  author.  Our 
present  views  on  molecular  volumes  in  dilute  solution  were  based  mainly  on 
the  comprehensive  and  extremely  accurate  observations  of  Kohlrausch  and 
Hallwachs,'''  which  were  not  mentioned  by  Dr.  Veley.  By  special  methods 
these  observers  determined  the  densities  of  diluj;e  aqueous  solutions  to  six 
and  even  seven  places  of  decimals,  and  thus  obtained  fairly  trustworthy 
values  for  molecular  volumes  even  in  X/iooo  solution.  The  results  show 
that  the  molecular  volumes  of  most  substances  tend  towards  a  definite 
value  (characteristic  for  each  substance)  with  increasing  dilution,  which  in 
the  case  of  hydrochloric  acid  amounts  to  ijS  (ccs.  per  mol.)  at  18°. 

Dr.  V.  H.  Veley,  in  reply,  expressed  the  opinion  that  Dr.  Lowry  had 
confused  in  his  mind  fact  with  fiction.  The  complete  absence  of  something, 
or  zero  percentage,  whether  nitric  acid  or  sovereigns, .  was  a  definite  fact, 
but  infinite  dilution  was  a  mathematical  fiction,  or  at  best  a  philosophical 
abstraction. 

•  Ann.  der  Pliystk,  1894,  53.  M  5  1^95.  56,  185. 


THE    INFLUENCE    OF    THE    PHYSICAL    CONDITION    OF 
iMETALS   ON    CATHODIC    OVERVOLTAGE. 

By  J.  N.  PRING,  D.Sc,  axd  J.  R.  CURZON,  B.Sc. 

{A  Paper  read  before  the  Faraday  Society,  Wednesday,  December  6,  191 1, 
Dr.  J.  A.  Marker,  P\R.S.,  in  the  Chair.) 

The  single  potential  difference  necessary  to  cause  the  evolution  of  hydrogen 
from  electrolytes  on  the  surface  of  cathodes  of  various  metals  has  been  exten- 
sivelv  investigated  by  Caspari,-  Coehn  and  Dannenberg.f  Coehn  and  Osaka, :J 
Tafel,§  Kaufler,;;  Miiller,*:  Nutton  and  Law,**  and  others.  In  some  cases  the 
nature  of  the  surface  of  the  cathode,  whether  smooth  or  of  finely  divided 
metal,  has  also  been  observed.  Apart  from  this,  however,  no  systematic 
measurements  seem  to  have  been  made  on  the  influence  of  the  physical 
state  of  the  metal,  such  as  the  effect  of  the  degree  of  hardness  and  its  previous 
treatment  generally. 

In  the  present  research  determinations  were  made  of  the  cathodic  over- 
voltage  on  metals  in  the  different  physical  conditions  that  result  from  electro- 
deposition,  by  hardening  and  annealing,  and  by  drawing  into  wires. 
Comparative  results  only  were  aimed  at,  while  such  factors  as  temperature 
and  current  density  were  kept  constant.  The  change  of  overvoltage  with 
time,  which  is  very  marked,  was  also  observed. 

The  overvoltage  values  are  referred  to  those  with  a  cathode  of  platinised 
platinum  as  zero,  and  hence  denote  the  excess  of  voltage  necessary  for  the 
separation  of  hydrogen  above  tliat  in  the  case  of  a  cathode  of  platinised 
platinum  under  the  same  experimental  conditions. 

Method  of  Determining  the  Overvoltage. 

The  anode  in  all  the  experiments  consisted  of  a  polished  platinum  elec- 
trode of  25  sq.  Cm.  area.  The  electrolyte  consisted  of  decinormal  sulphuric 
acid,  and  the  measurements  were  made  at  room  temperature  unless  otherwise 
stated.  The  cell  containing  the  anode  and  the  cathode  to  be  studied  was 
connected  in  series  with  two  accumulators  and  a  regulating  resistance,  a 
milliammeter  being  inserted  to  measure  the  current.  The  solution  behind 
the  cathode  was  connected  through  a  syphon  with  that  of  a  normal  calomel 
electrode,  and  the  e.m.f.  between  the  terminal  of  the  latter  and  that  of  the 
cathode  of  the  electrolytic  cell  was  measured  by  the  potentiometer  method, 
a  capillary  electrometer  being  used  as  null  instrument.  The  potentiometer 
was  standardised  against  a  cadmium  cell  which,  on  comparison  with  a 
standard,  was  found  to  give  i-02i  volts. 

The  e.m.f.  between  the  normal  electrode  and  the  cathode  that  was  being 

*  Z.  Physik.  Chctn.,  30,  89  (f«99)-  +  Ibid.,  38,  609  (190I). 

;  Z.  anorg.  Chem.,  34,  86  (1903).  §  Z.  physik.  Chem.,  50,  641,  713  {1905)- 

il  Z.  Elektroch.,  13,  635  (1907).  •!   Ibid.,  13,  681  (1907). 

••   Trans.  Faraday  Soc.,  3,  50  (1907). 
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examined  could  then  be  directly  evaluated.  The  difference  in  the  values 
obtained  when  using  a  cathode  of  platinised  platinum  and  a  cathode  of  any 
other  metal  gave  directly  the  overvoltage  with  that  metal. 

At  the  current  density  usually  employed — 15  milliamperes  for  a  cathode 
area  of  25  sq.  cm. — a  visible  evolution  of  hydrogen  occurred. 

In  some  experiments  abnormally  low  values  were  obtained  for  the  cathodic 
overvoltage  on  first  passing  the  current,  which  was  probably  due  to  the 
existence  of  a  film  of  oxide  on  the  surface  of  the  metal.  These  cases  could 
be  recognised  by  the  rate  at  which  the  overvoltage  rose  with  the  time,  and 
the  results  were  always  rejected. 

Except  in  the  case  of  electro-deposited  metals,  which  were  always  used 
as  soon  as  possible  after  deposition,  the  surface  of  the  metal  was  always  care- 
fully cleaned  by  mechanical  means  to  eliminate  as  far  as  possible  the  effect 
of  surface  layers  of  oxides  and  similar  impurities. 

Overvoltage  on  Copper  Cathodes. 

Electrolyte  o-iX,  H,S04.     Current  density  15  milliamps.  per  25  sq.  cm. 
I.  Copper  foil  (hard  rolled). 


Time  (Mins.). 

Ov 

ervoU.ige. 

0 

■304 

2 

•316 

5 

•362 

10 

■374 

15 

■374 

2.  Same   sample   of    copper    after    anneaUng,   viz.,   heating   to   redness, 
quenching  in  water,  and  removing  the  surface  film  of  oxide  with  sandpaper. 


Time  (Mins.). 

Overvoltage. 

0 

•190 

2 

•225 

5 

•272 

10 

•296 

15 

•308 

3.  Same  metal  after  receiving  a  coating  of  copper  by  electro-deposition 
from  a  copper  sulphate  solution  using  3J  amps,  for  the  25  sq.  cm.  area  for 
5  minutes.  Overvoltage  measurements  made  with  same  electrolyte  and 
current  density  as  above. 


Time  (Miris.). 

O' 

i-en'oltage. 

0 

■327 

2 

•339 

5 

•362 

10 

■374 

4.  Copper  deposited  similarly  to  above,  with  a  current  density  of  5-2  amps, 
per  25  sq.  cm.  for  10  min!  . 


'ime  (Mins.; 

1. 

Ov 

ervoltage. 

0 

•339 

2 

•361 

5 

•372 

10 

♦• 

•384 
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These  results  show  that  electrolytically  deposited  copper  gives  higher 
values  for  the  overvoltage  than  other  forms  of  this  metal,  that  the  over- 
voltage  increases  slightly  with  the  current  density  at  which  the  metal  is 
deposited,  and  that  annealed  or  soft  copper  gives  a  lower  value  than  the 
hard  rolled  metal.  The  overvoltage  in  all  cases  increased  with  time  up  to 
15  or  30  minutes,  when  it  usually  remained  constant.  The  above  results  were 
confirmed  by  a  number  of  other  measurements. 

These  changes  in  the  overvoltage  on  a  copper  cathode  give  an  explanation 
of  the  properties  of  this  metal  when  used  in  the  electrolytic  reduction  of 
nitrates  to  ammonia.  It  is  known  that  this  reducing  action  varies  con- 
siderably with  the  condition  of  the  metal,  and  that  the  reduction  to  ammonia 
is  most  complete  when  metal  with  an  electro-deposited  coating  is  used.'^^^ 


Zinc  Cathode. 
I.  Pure  cast  metal.     Current  density  as  above. 


Time  (Mins.). 
0 
10 

Overvoltage. 
■644 
•680 

20 

•680 

40 

•670 

2.  Zinc  deposited  electrolytically,  using  a  current  density  of  5  amps,  per 
18  sq.  cm. 

Time  (Mins.).  Overvoltage. 

O  -64 

20  -60 

30  -58 

40  -58 

Nickel. 

I.  Rolled  sheet  metal.     Area,  15  sq.  cm.     Current  density  used,  15  milli- 
amps.  per  15  sq.  cm. 


Time  (Mins.) 

Over\oltage. 

I 

•277 

4 

•323 

II 

•341 

24 

•362 

28 

•362 

32 

•362 

2.  Nickel,  electro-deposited  by  using  a  current  density  of  o'6  amp.  per 
15  sq.  cm.  surface.  Overvoltage  measurements  made  under  same  conditions 
as  above. 

Time  (Mins.).  Overvoltage. 

I  -256 

7  -277 

10  -277 

23  -293 

37  "293 

•   Vide  Ulsch,  Z.  Elektivch.,  3,  546  (1897)  ;  W.  Bottger,  ibid.,  16,  698  (1910). 
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3.  Nickel,  electro-deposited  as  above,  using  a  current  density  of  0*05  amp. 
per  25  sq.  cm. 

Time  (Mins.).  Overvoltage. 

i  -234 

3  '251 

7  '255 

II  260 

4.  Nickel  electro-deposited  by  using  a  current  of  3  amps,  per  20  sq.  cm. 


Time  (Mins.). 

Overvoltage. 

I 

•213 

2 

•255 

4 

•266 

32 

•316 

5.  Nickel  deposited  by  using  a  current  density  of  8  amps,  per  20  sq.  cm. 


Time  (Mins.). 

Overvoltage. 

I 

•255 

4 

•266 

23 

•299 

With  nickel  the  overvoltage  was  thus  found  to  be  lower  in  the  case  of  the 
electro-deposited  metal  than  with  the  rolled  metal.  A  small  influence  also 
appears  to  be  exerted  in  the  former  case  by  the  current  density  used  for  the 
electro-deposition ;  a  low  current  density  apparently  giving  deposits  which 
show  the  minimum  values  for  overvoltage.  This  small  effect,  however,  is 
largely  obscured  by  the  variations  of  the  overvoltage  with  time. 

Iron. 

I.  Pure  soft  iron.  Conditions  of  current  density  and  electrolyte  as  in 
above  cases. 


Time  (Mins.). 

Overvoltage. 

I 

•357 

3 

•363 

10 

•363 

15 

•363 

60     . 

•380 

2.  Iron  deposited  electrolytically  with  a  current  of  o'l  amp.  per  15  sq.  cm. 
for  3  hours  from  a  solution  of  ferrous  ammonium  sulphate  at  30°. 


Time  (Mins.). 

Overvoltage. 

0 

•237 

5 

•288 

10 

•298 

15 

•298 

20 

•298 

3.  steel. — A  piece  of  hard  tempei;pd  steel  of  15  sq.  cm,  area  was  here  used 
as  cathode.  * 
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Time  (Mins.). 

Overvoltage. 

0 

•231 

15 

•266 

20 

•266 

25 

•308 

30 

•330 

4.  Iron  Wires  after  Drawing. — A  series  of  pieces  of  iron  wire  were  taken, 
of  identical  composition,  but  which  had  been  drawn  through  holes  in  steel 
plates  to  different  degrees.  The  amount  of  surface  used  as  cathode  was  in 
all  cases  i'6  sq.  cm.  and  a  current  of  2  milliamps.  was  passed. 

Sample  I. — Annealed  wire  before  drawing.     Diameter,  5-2  mm. 


Time  (Mins.). 

Ov 

ervoltage. 

0 

•329 

2 

•350 

5 

•370 

10 

•370 

Sample  II. — Above  wire  after  drawing  once.     Diameter,  3*8  mm. 


Time  (Mins.). 

Oven'oltage. 

0 

•309 

5. 

•350 

10 

•360 

15 

•370 

Sample  III. — Above  sample  after  drawing  once  again.     Diameter,  3-0  mm. 


Time  (Mins.). 

Overvoltage, 

0 

•267 

ID 

•298 

15 

•329 

20 

•340 

Sample  IV. — Above  wire  after  drawing  a  third  time.     Diameter,  2*4  mm. 


Time  (Mins.). 

Overvoltage. 

0 

•226 

5 

•278 

10 

•309 

15 

•309 

20 

•329 

Sample  V. — Above  wire  after  drawing  a  fourth  time.     Diameter,  i'9  mm. 


Time  (Mins.). 

Overvoltage. 

0 

•226 

2 

•247 

5 

•267 

15 

•309 

20 

■350 

The  hardness  of  the  metal  is,  of  course,  very  much  raised  by  drawing,  and 
the  overvoltage  increases  concomitantly  with  the  hardness,  as  was  found  to  be 
the  case  with  the  other  samples  of  iron  and  steel  examined. 
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It  was  found  in  several  of  the  measurements  made  with  steel  that  the 
overvoltage  was  at  first  zero,  though  in  the  course  of  5  or  10  minutes  it 
always  assumed  the  normal  value.  This  discrepancy  may  have  been  due  to 
the  presence  of  occluded  oxide. 

Effect  of  Temperature  on  Overvoltage. 

The  above  measurements  were  all  conducted  at  room  temperature. 
The  effect  of  temperature  was,  however,  ascertained  in  one  experiment  by 
gradually  warming  the  electrolyte,  and  the  following  values  were  obtained. 

Cathode,  rolled  copper.     Current  density,  15  milliamps.  per  15  sq.  cm. 


Temp. 

Overvoltage 

II-5" 

•33 

20 

•31 

30 

•28 

45 

•27 

60 

•25 

Summary  of  Results. 

The  overvoltage  during  the  liberation  of  hydrogen  on  a  metallic  cathode 
was  found  to  be  dependent  to  a  considerable  degree  on  the  physical  condition 
of  the  metal.  There  is  no  general  concordance,  however,  between  the  degree 
of  hardness  of  the  different  metals  and  their  overvoltage.  In  the  case  of 
copper,  for  instance,  the  maximum  overvoltage  is  given  with  the  hard  metal, 
while  in  the  case  of  iron  the  reverse  is  the  case,  the  lowest  overvoltage 
accompanying  the  hardest  condition. 

Metals  which  ha,ve  been  deposited  electrolytically  in  some  cases,  as  with 
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H3 


copper,  .£;ive  the  maximum  values  for  those  metals  ;  and  in  other  cases,  as 
with  nickel  and  iron,  ijive  minimum  values. 

The  general  results  obtained  serve  to  show  that  overvoltage  measurements 


should  be  of  importance  in  investigations  on  the  properties  of  metals,  and 
might  in  many  cases  become  an  important  factor  in  ascertaining  their 
physical  condition. 

Electrochemical  Laboratory, 
The  University, 

Man'chester. 
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DISCUSSION. 

Dr.  H.  Borns  :  As  the  general  character  of  overvoltage  has  been  touched 
upon,  and  as  the  authors  give  a  literature  list,  I  may  perhaps  draw  attention  to 
a  remarkable  paper  publisiicd  quite  recently  by  D.  Reichinstein  in  the 
Zeitschrifl  fi'ir  Elcktrochemic.  Reichinstein  speaks  of  "  electrode-volume,"  by 
which  he  means  that  portion  of  the  electrode  which  comes  into  ques- 
tion for  the  polarisation  and  diffusion  phenomena  ;  the  electrode  volumes 
would  not  be  the  same  for  two  electrodes  of  unequal  polarity,  though  entirely 
equal  as  to  material,  dimensions,  &c.  Dr.  Pring  mentions  that  he  drew  his 
wires  repeatedly.  Was  that  done. in  the  workshop  or  in  the  laboratory  ? 
Were  the  electrolytic  deposits  on  his  electrodes  treated  subsequently  in 
any  way  ? 

The  Chairman  said  that  some  time  ago  he  had  had  to  examine  long 
lengths  of  platino-iridium  wire  for  homogeneity.  Could  not  some  method  like 
the  authors'  be  employed  to  determine  difference  in  the  thermo-electric  pro- 
perties of  long  lengths  of  wires  like  this  ?  He  had  tried  experiments  on 
similar  lines,  and  thought  that  a  method  could  be  worked  out  that  would  be 
very  useful  to  makers  in  the  detection  of  parts  of  the  metal  differing  from  the 
average. 

Dr.  T.  M.  Lovrry  asked  whether  the  authors  had  made  any  experiments 
at  different  pressures,  and,  if  so,  what  effect  did  pressure  have  on  over- 
voltage  ? 

Dr.  F.  Moll  wo  Perkin  asked  from  what  solution  the  iron  and  nickel  had 
been  deposited.  Iron  as  usually  deposited  contained  liydrogen,  while  that  de- 
posited from  tartrates  was  contaminated  with  carbon.  Nickel  frequently 
contained  small  quantities  of  sulphur.  Perhaps  the  solutions  emplo5'ed  for 
deposition  might  explain  their  apparent  anomalies. 

Dr.  J.  N.  Pring  :  The  important  work  of  Reichinstein,  which  has  been 
referred  to  by  Dr.  Borns,  is  concerned  with  the  explanation  of  overvoltage 
phenomena  on  the  basis  of  the  reaction  velocities  of  various  chemical  changes 
which  are  assumed.  The  conception  of  "  electrode-volume,"  which  is  defii^ed 
as  the  depth  of  metal  to  which  the  gases  can  penetrate,  might  provide  a  good 
explanation  of  th.e  results  we  have  observed  with  metals  in  different  physical 
conditions.  W'hen  nickel  undergoes  anodic  polarisation,  a  remarkable  state 
of  passivity  is  set  up,  which  causes  a  big  increase  in  the  potential  gradient 
at  the  surface.  Changes  similar  to  this,  though  in  a  smaller  degree,  might 
be  obtained  with  metals  during  cathodic  polarisation,  and  thus  account  for 
the  marked  changes  in  the  cathodic  overvoltage  with  time. 

In  the  case  of  the  iron  wires,  these  were  drawn,  in  a  factory,  through  a 
steel  plate,  in  the  usual  manner.  The  same  pieces  of  wire  were  not  used  in 
each  case,  but  the  different  pieces  were  all  taken  from  the  same  original 
sample  of  rod. 

The  electrolytic  deposits  did  not,  in  any  case,  receive  any  subsequent 
treatment. 

With  regard  to  the  suggestion  made  by  the  Chairman  to  apply  measure- 
ments of  overvoltage  for  the  purpose  of  testing  the  homogeneity  of  platinum- 
iridium  wires,  this  instance  might  provide  a  valuable  application  of  the 
phenomena  dealt  with  in  this  paper,  though  in  the  case  of  the  noble  metals 
a  great  disadvantage  would  be  present  on  account  of  the  low  values  which 
these  metals  give  for  the  overvoltage.  Any  influence  exerted  by  the  hetero- 
geneity in  these  cases  might  be  obscured  by  the  change  with  time. 

We  have  not  made  any  measurements  on  the  influence  of  pressure  on 
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overvoltage  as  suggested  by  Dr.  Lowry.     I  think  that   such    measurements 
would  throw  hght  on  the  question  of  the  cause  of  this  phenomenon. 

The  measurements  made  with  electro-deposited  metals  in  this  work  might 
conceivably  have  been  influenced  by  the  presence  of  traces  of  impurities, 
as  suggested  by  Dr.  Perkin,  but  this  explanation  could  not  be  extended  to 
account  for  the  variations  in  other  cases  where  the  metals  had  only  undergone 
physical  changes. 


THE    BEXKO    PRIMARY   BATTERY. 


By    W.    R.    cooper,    M.A.,    B.Sc. 

(Exhibited  before  the  Faraday  Society,  Wednesday,  December  6,  1911, 
Dr.  J.  A.  Harker,  F.R.S.,  in  the  Chair.) 

The  primary  cell,  due  to  Mr.  Stephan  Benko,  of  Buda-Pest,  is  of  interest 
because  it  is  of  practical  value  and  marks  a  distinct  advance  in  primary 
batteries.  It  depends  essentially  upon  the  use  of  a  porous  carbon  electrode, 
through  which  the  electrolyte  flows  under  pressure.  Referring  to  the  Figure, 
which  is  diagrammatic,  the  carbon  is  indicated  at  C,  and  may  be  described  as 
a  flattened  cylinder  open  at  both  ends.     This  is  closed  at  the  bottom  by  a 


Plan 
(SccDIon) 

lead  cap,  L,,  and  the  top  is  finished  off  by  a  lead  ring,  Lj,  these  being  put  on 
under  pressure  so  that  intimate  contact  is  made  with  the  carbon.  A  lead 
shell,  Ly  is  then  fitted  round  the  carbon,  leaving  a  small  space  between  the 
carbon  and  the  shell,  and  is  jointed  to  the  lead  cap  and  lead  ring,  thus 
forming  a  chamber  round  the  carbon.  One  terminal  is  fitted  to  the  lead  L,, 
and  the  other  is  formed  by  the  zinc  plate  Z,  which  is  held  in  an  ebonite 
frame.  The  electrolyte  is  introduced  under  a  suitable  head  into  the  lead  shell 
by  a  tube,  T ;  it  flows  through  the  carbon  to  the  zinc  and  thence  to  waste 
through  an  inverted  U  tube,  T^,  so  that  the  electrolyte  is  maintained  at  a 
proper  level.     Syphoning  is  prevented  by  a  small  hole  at  H. 

The  electrolyte  is  a  bichromate  solution  of  the  usual  kind,  except  that  the 
sodium  salt  is  used  in  preference*to  the  potassium  salt,  as  it  does  not  tend  to 

246 
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deposit  crystals  in  tlic  pores  of  the  carbon.  Tlie  c.ni.f.  is  2  volts,  and 
polarisation  is  reduced  to  a  minimum,  tlic  current  remaininf^  very  constant 
for  a  given  flow  of  electrolyte  provided  tlie  cell  is  not  overloaded.  A  cell 
weighing  10  lb.  (excluding  electrolyte),  and  having  dimensions  9;^  in.  high, 
6;^  in.  long,  and  i',  in.  wide,  gives  a  steady  current  up  to,  say,  25  amperes  at 
1*5  volts.  The  normal  flow  of  electrolyte  is  h  litre  per  hour  per  cell,  and  the 
internal  resistance  is  below  o"oi  ohm,  which  is  very  low.  This  low  value  is 
due  in  part  to  the  intimate  contact  made  by  impregnating  the  carbon  with  the 
lead  under  pressure,  and  this  contact  does  not  appear  to  alter  in  use.  Since 
there  is  no  "  mess"  and  no  difficulty  in  keeping  it  in  order,  the  cell  is  very 
suitable  for  laboratory  work,  or  where  the  cost  of  running  is  not  of  prime 
importance. 

Diffusion  Cells. — There  is  no  need  to  say  more  about  the  pressure  type  of 
Benko  cell,  because  I  have  described  it  fully  elsewhere,*  and  have  given 
curves  showing  the  performance  that  may  be  expected.  Since  then,  how- 
ever, another  type  of  cell  has  been  developed,  in  which  the  electrolyte  is  no 
longer  supplied  under  pressure,  but  passes  through  the  carbon  by  diffusion. 

In  a  sense  this  may  be  described  as  a  limiting  case  of  the  pressure  type 
indicated  in  the  figure,  the  tubes  T  and  T^  being  omitted.  The  electrolyte, 
which  in  these  cells  may  be  made  very  concentrated,  is  run  into  the  outer 
compartment  and  plain  water  is  run  into  the  inner,  or  zinc,  compartment.  In 
a  few  moments  the  cell  is  ready  for  work.  Or,  instead  of  the  arrangement 
just  mentioned,  it  is  stated  that  fairly  strong  sulphuric  acid  may  be  run  into 
the  outer  compartment  and  a  strong  aqueous  solution  of  bichromate  into 
the  inner  compartment. 

The  great  advantage  of  this  type  of  cell  is  that  the  solution  round  the 
zinc  is  always  only  very  slightly  acid,  and  therefore  local  action  is  avoided  ; 
the  zinc  is  dissolved  away  evenly  when  the  cell  is  in  use  and  the  depolariser 
is  very  thoroughly  reduced.  The  efficiency  therefore  is  high.  The  makers 
state  that  an  ampere-hour  efficiency  in  the  neighbourhood  of  90  per  cent,  is 
obtained  for  the  zinc,  which  is  much  higher  than  for  ordinary  types  of 
acid  cell. 

Supposing  the  level  in  the  two  compartments  is  the  same  initially,  the 
specific  gravity  in  the  outer  compartment  may  be,  say,  i"3,  compared  with 
i"o  (water)  in  the  inner  compartment.  Consequently  diffusion  continues  until 
there  is  equilibrium,  whether  the  cell  is  in  action  or  not.  When  the  diffusion 
stops,  the  cell  becomes  one  of  the  ordinary  type,  polarisation  sets  in,  and  the 
current  falls  rapidly. 

Obviously  a  cell  of  this  kind  cannot  be  used  to  give  current  continuously 
like  the  pressure  type  ;  the  use  for  wliich  it  is  intended  may  perhaps  be 
described  as  semi-intermittent.  For  example,  I  have  found  that  a  cell 
weighing  5  lb.  (including  zinc,  but  excluding  electrolyte),  and  having  the 
dimensions  6|  in.  long,  i^  in.  wide,  and  6^  in.  high,  gave  a  current  for 
8  hours  daily  as  follows  (with  initial  p.d.  of  about  1*9  volts) : — 

1st  day  0*25  to  0-24  amp. 

2nd  „  „     „     „       „ 

3rd   „  fell  to  022     „ 

4th    „  „    „   0-20     „ 

5th   ,,  fell  off  seriously. 

A  current  of  0-25  amp.  is  regarded  as  normal   for  this   size  of  cell.    The 
electrolyte  amounted  to  about  200  c.c.  and  contained    170  grs.  of   sodium 
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bichromate  and  250  c.c.  of  sulphuric  acid  per  Htrc.  By  using  a  more 
concentrated  electrolyte  the  e.m.f.  can  be  maintained  longer.  The  result 
obtained  depends  also  upon  the  size  of  the  compartments.  For  example,  the 
zinc  compartment  should  be  sufficiently  large  to  prevent  the  used  electrolyte 
becoming  so  concentrated  as  to  deposit  crystals  on  the  zinc,  and  the  more 
dilute  the  solution  is  maintained  around  the  zinc  the  longer  will  the  diffusion 
continue.  Batteries  are  made  up  with  the  zinc  compartments  communicating 
with  a  common  reservoir  below  the  cells,  which  contains  water,  and  into 
which  the  reduced  electrolyte  around  the  zincs  gravitates.  For  certain  uses 
the  diffusion  can  be  assisted  by  having  the  outer  compartment  carried  some- 
what higher  than  the  inner  compartment,  thus  having  the  electrolyte  under  a 
slight  head. 

Cells  of  this  type  are  likely  to  prove  very  useful  in  telegraphy,  in  motor- 
car lighting,  and  for  hand-lamps.  It  is  not  improbable  that  in  this  way  a 
successful  miners'  lamp  will  be  produced,  capable  of  burning  for  two  periods 
of  eight  hours  on  consecutive  days.  Indeed,  this  has  already  been  accom- 
plished on  the  laboratory  scale,  but  it  remains  fof  such  lamps  to  be  put  into 
actual  use. 

DISCUSSION. 

Mr.  E.  H.  Rayner  asked  whether  it  would  be  possible  to  make  the  cells 
up  in  small  sizes  for  use  in  series  to  give  high  voltages  and  small  currents. 
Batteries  of  small  accumulators  were  very  troublesome,  and  a  cheap  source 
of  suppl}'  which  would  give  a  small  current  and  keep  healthy  for  months 
on  open  circuit  was  very  much  wanted.  He  had  recently  made  up  a  battery 
of  125  volts  out  of  cells  supplied  for  pocket  lamps.  Each  unit  consisted  of 
3  cells  giving  about  4^  volts  and  costs  about  8d.,  so  that  it  seemed  that 
a  battery  which  might  be  expected  to  hold  up  for  some  months  could 
be  obtained  at  about  2d.  a  volt;  it  would  give  about  o'l  ampere  and, 
perhaps,  4  ampere  hours, 

Mr.  E.  P.  Hollis  inquired  whether  the  battery  as  applied  to  mindrs' 
lamps  would  be  affected  by  a  prolonged  repose  in  an  inverted  position, 
or  on  its  sides,  such  as  it  would  be  likely  to  meet  in  practice,  for  seemingly 
the  flow  of  electrolyte  would  be  interfered  with.  He  directed  a  further 
inquiry  as  to  the  mode  of  controlling  the  flow  of  electroh'te  in  such  cases 
as  in  country-house  lighting,  where  the  load  would  undergo  variations. 
Some  device  would  be  needed  in  view  of  the  fact  that  the  economical  working 
of  the  battery  depended  upon  the  regulation  of  the  flow  of  electrolyte 
according  to  the  load. 

Dr.  R.  Seligman  asked  whether  the  battery  could  be  used  for  lighting 
headlights. 

Mr.  "W.  R.  Cooper,  in  reply  to  Mr.  Rayner,  did  not  think  that  Benko 
cells  could  compete  with  small  dry  cells  on  the  basis  mentioned,  as  they 
would  necessarily  be  much  more  expensive.  In  regard  to  the  points  raised 
by  Mr.  Hollis,  he  thought  it  might  be  difficult  to  make  a  miner's  lamp  so 
that  it  would  burn  in  an  inverted  position  indefinitely,  but  this  seemed 
scarcely  necessary,  as  .it  was  not  required  of  the  ordinary  safety  lamp. 
He  agreed  that  an  automatic  regulator  for  the  flow  of  electrolyte  was 
desirable  in  country-house  lighting.  In  reply  to  Dr.  Seligman,  he  thought 
there  would  be  no  difficulty  in  using  the  battery  for  headlights. 


NOTES    ON    THERMOSTATS. 

By   Professor   HUGH   MARSHALL,  D.Sc,  F.R.S. 

{A  Paper  read  be/ore  the  Faraday  Society,  Wednesday,  December  6,  191 1, 
Dr.  J,  A.  Marker,  F.R.S. ,  iti  the  Chair.) 

I.  Electric  Heating. 

The  great  convenience,  cleanliness,  and  safety  of  electric  methods  of 
heating  have  naturally  led  to  tiieir  adoption  by  many  experimenters  for  use 
in  connection  with  thermostats,  and  there  are  already  in  the  literature  several 
descriptions  of  arrangements  devised  for  this  purpose.  These  fall  into  tvpo 
main  classes — one  in  which  the  heating  is  applied  externally  to  the  thermostat, 
as  with  gas  heating,  and  the  other  in  which  the  heating  mechanism  is 
immersed  in  the  liquid  of  the  thermostat.  With  the  former  a  metal  or  metal- 
bottomed  vessel  has  to  be  used,  but  when  suitable  internal  heating  is  adopted 
any  convenient  vessel  may  be  easily  converted  into  a  thermostat.  With 
external  heating,  it  is  usual  to  employ  an  ordinary  carbon-filament  glow- 
lamp,  or  a  battery  of  several  ;  but  with  internal  heating  bare  metallic  wires 
or  similar  devices  seem  to  have  met  with  most  favour. 

I  took  up  the  question  of  electric  heating  some  years  ago,  and  came  to  the 
conclusion  that  bare  wires,  &c.,  were  not  suitable  for  thermostat  work,  but 
that  some  modified  form  of  glow-lamp  would  be  much  superior  ;  a  number 
of  special  lamps  were  therefore  ordered  for  the  purpose,  and  were  found  to 


Fig.  I. 

serve  excellently  ;  they  are  illustrated  in  Fig.  i.  The  bulb  is  at  the  end  of 
a  long  glass  tube,  the  length  over  all  being  about  30  to  40  cm.  ;  the  other  end 
of  the  tube  is  fitted  with  metal  contact  pieces,  collar,  and  studs  as  on  an 
ordinary  lamp,  so  that  connection  with  flexible  leads  can  be  secured  by  means 
of  the  usual  lamp  socket.  Two  copper  wires,  carried  by  glass  supports,  pass 
down  the  tube  and  make  connection  between  the  contacts  and  the  filament. 
Since  the  whole  is  hermetically  sealed,  the  lamp  may  be  immersed  in  water 
almost  up  to  tlic  collar,  without  risk  of  short-circuiting  or  electrolytic  corrosion. 
Seeing  that  not  lighting  effect  but  heating  is  wanted,  there  is  no  objection  to 
such  lamps  being  considerably  under-run  ;  there  is,  on  the  contrary,  the 
great  advantage  of  a  greatly  increased  life.  Lamps  should  therefore  be 
ordered  for  a  decidedly  higher  voltage  than  that  of  the  circuit  with  which 
they  are  to  be  used  ;  with  a  200-volt  circuit  I  specify  250-volt  lamps,  and  a 
nominal  candle-power  of  about  50.  A  single  lamp  of  this  kind  is  ample  for 
an  ordinary  table  thermostat. 

In  use,  the  lamp  is  simply  gripped  in  an  ordinary  retort-stand  clamp,  and 
held  vertically  in  the  wooden,  glass,  or  metal  vessel  used  as  thermostat  ;  it  is 
joined  up  with  whatever  appliance  is  used  for  switching  the  current  on  and 
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off.  To  overcome  the  buoyancy,  a  ring  of  lead  may  be  placed  round  the 
tube,  resting  on  the  bulb.  A  very  convenient  vessel  for  use  as  a  bench 
thermostat  in  connection  with  an  apparatus  of  this  kind  is  an  ordinary  glass 
secondary-battery  cell,  of  sufiicient  size.  This  particular  vessel  was  first  sug- 
gested by  a  former  colleague,  Dr.  W.  W.  Taylor  ;  up  till  then  I  had  only 
used  a  small  wooden  tub. 

As  regards  the  regulators,  &c.,  to  be  used,  little  need  be  said  ;  many 
modifications  are  available.  Hitlierto  I  have  used  one  of  Kohler's  toluene 
regulators,  provided  with  platinum-mercury  contact  having  screw  adjust- 
ment. This  is,  of  course,  not  used  directly  to  open  or  close  the  heating  circuit, 
but  actuates  a  relay.  The  relay  is  a  simple  post-office  pattern,  adapted  with 
contacts  of  platinum  wire  and  foil  to  close  the  heating  circuit  ;  the  driving 
current  for  the  relay  is  supplied  by  a  single  small  accumulator  cell,  and,  to 
ensure  that  this  will  never  run  down,  it  is  joined  up  in  the  heating  circuit. 
Tlie  connections  arc  indicated,  in  the  diagram.  Fig.  2,  where  C  is  the  accu- 
mulator, R  the  relay,  and  L  the  heating  lamp. 

With  the  arrangement  shown  in  the  diagram,  the  relay  comes  into  action 
when  the  temperature  rises,  and  therefore  is  arranged  to  cut  off  the  heating 
current.    The  accumulator  is  discharging  during  the  whole  time  the  heating 


Fig.  2. 

current  is  cut  off ;  when,  however,  the  heating  apparatus  is  in  action,  the 
whole  of  the  heating  current  passes  through  the  accumulator,  recharging  it. 

With  a  modified  form  of  regulator  the  relay  can  be  arranged  to  come  into 
action  when  the  temperature  falls.  In  this  case,  as  soon  as  contact  has  been 
made,  the  relay  is  kept  in  action  by  a  fraction  of  the  heating  current ;  the 
greater  portion  of  the  current  passes  through  the  accumulator,  since  this  has 
a  much  lower  resistance  than  the  relay.  Except  at  the  first  moment  of  making 
contact,  therefore,  the  accumulator  either  is  out  of  action  altogether,  or  is 
being  charged  by  the  heating  current. 

With  an  internal  heating  arrangement  such  as  this,  uniform  temperature 
throughout  can  only  be  obtained  when  some  form  of  stirrer  is  used,  but  that 
need  not  be  discussed  here. 

For  long-continued  work,  especially  if  the  thermostat  is  to  be  run  night  as 
well  as  day,  it  would  be  advisable  to  run  two  heating  lamps  in  parallel,  in  case 
of  the  filament  breaking  ;  with,  greatly  under-run  lamps,  however,  there 
would  not  be  much  risk.  Such  a  precaution  might  also  be  advisable  in  very 
cold  weather,  should  the  room  temperature  be  liable  to  fall  much  during  the 
night. 

2.  Ice  Thermostats. 

Many  observers  who  have  carrigd  out  series  of  experiments  conducted 
nominally  at  the  freezing-point  of   water  "seem  to  have  experienced  great 
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difficulty  in  keeping  the  temperature  down  to  o°,  the  temperature  actually 
maintained  being  about  o'3°.  With  suitable  simple  arrangements,  however, 
there  should  be  no  difficulty  whatsoever  in  keeping  within  less  than  oi"  of 
zero.  The  great  point  to  be  observed  is  to  keep  a  good  supply  of  ice  at  the 
bottojn  of  the  thermostat  ;  the  following  apparatus  secures  this,  and  has 
proved  quite  satisfactory  in  use.  The  description  given  is  that  of  an  actual 
apparatus,  but,  of  course,  there  is  room  for  a  good  deal  of  modification. 

The  thermostat  consists  of  a  cylindrical  metal  vessel  (one  of  poorly  con- 
ducting material  would,  of  course,  be  preferable),  and  was  prepared  by 
removing  the  conical  top  from  a  Kahlbaum's  50-kilo  alcohol  drum  ;  it  is 
about  50  cm.  deep  and  40  cm.  in  diameter,  of  fairly  stout  metal,  and  con- 
veniently provided  with  handles.  After  being  thickly  coated  with  black 
varnish  inside  and  out,  it  was  wrapped  round  with  several  layers  of  thick  felt 
secured  with  wire.  The  thermal  insulation  of  the  bottom  is  important,  and 
this  is  secured  by  standing  the  vessel  in  a  v^-ooden  tray  filled  with  sawdust  to 
a  depth  of  several  inches. 

A  framework  of  stout  perforated  sheet  zinc  (also  varnished)  fits  inside  the 
vessel,  having  the  form  indicated  in  the  sketches  (Figs.  3  and  4).    The  lower 
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part  (which  need  not  be  perforated)  is  cylindrical,  and  fits  easily  inside  the 
vessel ;  it  is  about  15  to  20  cm.  high.  Attached  to  it  (above),  is  a  circular  sheet 
of  perforated  metal,  which  forms  a  kind  of  false  bottom  to  the  vessel  ;  to  this 
in  turn  is  attached  the  rectangular  upper  part,  about  30  to  35  cm.  high  and 
30  by  20  cm.  across.  When  the  complete  framework  is  inserted  into  the 
vessel,  the  tops  of  the  two  are  on  the  same  level. 

To  use  the  thermostat,  it  is  placed  in  position  on  the  tray  (the  framework 
being  removed),  and  crushed  ice  is  introduced  to  a  depth  almost  equal  to 
that  of  the  lower  part  of  the  framework  ;  ice-cold  water  is  then  run  in  to  a 
moderate  depth,  so  as  to  float  the  ice,  after  which  the  framework  is  placed 
in  position,  imprisoning  the  ice  ;  lumps  of  ice  arc  next  packed  outside  the 
rectangular  part  of  the  framework,  right  up  to  the  top,  after  which  the  vessel 
is  almost  filled  with  ice-cold  water  ;  finally,  a  fine  mush  of  pounded  ice  is 
placed  inside  the  rectangular  space,  so  as  to  float  to  a  depth  of  2  to  3  cm. 

The  inside  of  the  rectangular  space  forms  the  working  compartment ;  it 
can  be  fitted  with  suitable  stirring  apparatus  if  Wanted,  rotating  or  agitating 
appliances,  tube-holders,  &c.  With  the  apparatus  actually  described  it  has 
been  found  that  in  an  ordinary  room  a  single  complete  charging  will  last  over 
a  period  of  two  days,  though  it  may  be  necessary  to  draw  off  some  of  the 
water  and  put  more  ice  into  the  upper  part  within  that  period  ;  once  the  ice 
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in  the  bottom  compartment  is  all  melted  it  becomes  impossible  to  keep  the 
temperature  down  properly,  no  matter  how  much  ice  there  may  be  above, 
and  it  is  necessary  to  recharge  completely.  With  a  larger  (especially  deeper) 
apparatus,  giving  increased  storage  capacity  in  the  lower  compartment,  a 
longer  serviceable  period  could  doubtless  be  obtained  if  desired. 

3.  Thermostats  for  Temperatures  between  0°  and  20°. 

Various  devices  have  been  tried  for  maintaining  constant  temperatures  at 
some  specified  point  intermediate  between  zero  and  one  slightly  above  the 
ordinary  temperature  of  the  air,  but  they  are  generally  cumbersome  and 
rather  unsatisfactory.  As  a  consequence  the  determination  of  various  con- 
stants at  such  intermediate  temperatures  (at  the  maximum  density  point  of 
water,  for  example)  is  often  omitted  in  cases  where  it  would  otherwise  be 
carried  out  and  be  highly  desirable. 

The  method  of  internally  heating  thermostats  provides  a  simple  means  of 
overcoming  the  above-mentioned  difiiculty  ;  actually  I  have  thus  used  it  only 
for  the  temperature  of  12*5°  {i.e.,  at  a  point  midway  between  0°  and  25°,  in 
order  to  have  regular  intervals  in  scries  of  solubility  determinations),  but 
there  seems  to  be  no  reason  why  it  should  not  work  quite  well  as  far  down 
as  the  maximum  density  point.  The  apparatus  actually  used  consisted  of  the 
vessel  already  described  as  an  ice  thermostat,  with  the  framework  removed  ; 
inside  it  was  placed  a  large  secondary-battery  cell,  resting  on  bricks,  so 
that  its  top  was  level  with  the  top  of  the  outside  vessel.  The  glass  cell  was 
fitted  up  as  an  internally  heated  thermostat  and  was  filled  with  water  almost 
at  the  desired  temperature  ;  the  outer  vessel  was  filled  with  water  about 
5°  lower  in  temperature,  and  from  time  to  time  pieces  of  ice  were  introduced, 
so  as  to  maintain  it  roughly  at  about  that  difference.  The  temperature  of 
the  inner  thermostat  can  be  easily  and  quickly  adjusted,  and  thereafter  it  is 
only  necessary  to  see  that  the  whole  of  the  ice  in  the  outer  vessel  does  not 
disappear  ;  this  only  necessitates  inspection  at  intervals  of  some  hours,  pro- 
vided the  ice  is  added  in  compact  blocks  and  in  amount  appropriate  to  the 
difference  between  the  working  temperature  and  the  temperature  of  the  air. 
The  consumption  of  ice  is  surprisingly  small,  provided  the  outer  vessel  is 
well  insulated  ;  the  thick  glass  walls  of  the  inner  cell  do  not  allow  a  rapid 
transference  of  heat  to  the  water  outside. 

If  such  an  apparatus  were  wanted  for  use  at  temperatures  at  or  near  the 
maximum  density  point  it  would  probably  be  desirable  to  fit  the  glass  cell 
inside  the  rectangular  chamber  of  the  framework  already  described,  and  by 
means  of  this  to  keep  a  supply  of  ice  at  the  bottom  of  the  outer  vessel. 

University  College,  Dundee. 
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(A  Paper  read  before  the  Faraday  Society,  Wednesday,  December  6,  191 1, 
Dr.  J.  A.  Marker,  F.R.'s.,  hi  the  Chair.) 

It  is  comparatively  recently  that  the  thermostat  came  into  general  use,  and 
many  improvements  have  been  effected  in  the  last  few  years,  but  the  notes 
on  them  are  scattered  through  many  journals.  A  collection  has  therefore 
been  made  in  the  hope  that  it  may  prove  useful.  I  am  indebted  to  several  of 
those  named  below  for  information  in  regard  to  various  improvements  and 
modifications. 

The  Thermostat. — Copper  appears  to  be  the  most  satisfactory  material  for 
a  thermostat.  Enamelled  iron  usually  cracks  and  rusts  after  a  short  time 
particularly  if  used  at  higher  temperatures. 

It  is  desirable  that  the  thermostat  should  contain  so  much  water  that  no 
appreciable  alteration  in  temperature  is  effected  when  the  experimental 
apparatus  is  introduced.  The  level  of  the  water  in  the  thermostat  should  be 
kept  constant,  and  an  apparatus  for  this  purpose  is  figured  in  a  Paper  by 
Lumsden."-  If  the  thermostat  is  near  a  water-tap,  the  level  may  be  kept 
constant  with  the  arrangement  commonly  used  for  hot-water  baths. 

Glass-fronted  Thermostats. — Most  of  the  German-made  thermostats  have 
the  glass  cemented  into  a  groove  in  the  metal.  This  gives  a  water-tight  joint, 
but  the  cement  is  somewhat  readily  fractured.  A  more  satisfactory  method 
is  the  use  of  a  strip  of  rubber  between  the  glass  and  metal,  the  glass  being 
clamped  to  a  flange  on  the  side  of  the  bath.  Several  of  this  type  f  are  in  use 
in  Edinburgh  and  Aberdeen,  and  arc  much  superior  to  those  with  cement. 

•  Flow  of  Liquid   at    Constant    Temperature. — A    thermostat   arranged   to 
supply  a  stream  of  water  at  constant  temperature  is  described  by  Lowry.J 

Regulators. 

Since  the  value  of  the  thermostat  depends  on  the  constancy  of  the 
temperature,  it  is  natural  that  many  varieties  of  regulators  should  be 
described.  In  all  modern  forms,  the  expansion  of  a  liquid  is  u>ed  to  actuate 
a  cut-off  for  the  heat  supply. 

Choice  of  a  Liquid. — The  liquid  lo  be  used  in  the  regulator  should  have  a 
low  specific  heat,  a  high  coefficient  of  expansion,  and  preferably  a  low 
density.  As  these  are  the  main  factors  in  the  choice  of  a  liquid,  a  few  figures 
may  be  given  for  the  specific  heats  and  coefficients  of  expansion  of  some 
common  liquids.  The  numbers  arc  approximate,  and  refer  to  temperatures 
about  25°. 

*  Jouru.  Clicvt.  Sac.,  1902,  81,  352. 

t  Made  by  Fraser,  16  Haddon  Street,  Aberdeen. 

i  Trans.  Farad.  Soc.,  1907,  3,  119. 
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Liquid. 


Water      

40  per  cent.  Calcium  chloride  solution 

Mercury 

Benzene  

Toluene  ... 

Ethyl  alcohol     

Ethyl  ether         

Chloroform         

Carbon  tetrachloride    ... 


Increase  in  Volume 

of  I  Litre  for  1° 

Rise  in  Temperature. 


c.c. 
0-25 

o-i8 

I'2 
I'l 
I"I 
I*I 

I'l 


Specific  Heat 


i*o 

063 
0-03 
0-4 
0-4 

o'5 

0-55 

0-23 

0'2 


The  very  low  specific  heat  of  mercury  is  counterbalanced  by  its  great  density, 
which  necessitates  the  use  of  thick-walled  apparatus.  Most  organic  liquids 
show  an  expansion  with  temperature  of  the  same  order  as  those  quoted,  but 
paraffin  oils  are  much  lower  and  are  unsuitable.  It  is  mainly  a  matter  of  con- 
venience which  of  the  above  organic  liquids  is  used,  but  that  with  the  lowest 
density  will  be  slightly  more  efficient  than  the  others. 

Bulb  of  Regulator. — The  greater  the  surface  exposed,  the  more  sensitive 
will  be  the  regulator  ;  consequently  several  have  recommended  the  use  of  a 
spiral  to  contain  the  liquid.*  Lowry  f  has  described  a  convenient  form  of 
spiral. 


Fig.  I. 

The  sensitiveness  of  the  regulator  is  increased  by  use  of  a  metal  spiral 
instead  of  glass,  and  a  satisfactory  connection  can  be  made  with  rubber,  if  a 
water  trap  is  introduced  between  mercury  and  the  organic  liquid,  so  that  the 
water  layer  covers  the  junction  between  metal  and  glass. 

Method  of  Cutting  Off  the  Gas  Supply. — Two  forms  of  "  cut-off  "  with  novel 
features  may  be  mentioned.  That  described  by  W.  Heber  Green  I  has  been 
tried  in  this  laboratory  and  found  to  effect  a  considerable  improvement.  The 
inlet  tube  for  the  gas  is  pushed  down  until  almost  touching  the  constriction 
in  the  outer  tube,  as  shown  in  Fig.  i.     The  lower  end  of  the  inlet  tube  is 

•  Gouy,  Jouni.  dc  Phys.,  1897  (3),  6,  479  ;  and  others. 
t  Traus.  CUcm.  Soc,  igo^^rj,  1030. 
J  Chciu.  News,  1908,  98,  49. 
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opened  out  slightly,  and  the  tendency  of  mercury  to  stick  in  the  narrow  tube 
is  thus  prevented.  Tlie  regulator  can  lie  adjusted  for  any  desired  tempera- 
ture by  removal  or  addition  of  mercury  through  a  side  tube  witli  glass  tap 
(similar  to  arrangement  shown  in  Fig.  2). 

The  apparatus  shown  in  Fig.  2  was  designed  by  T.  S.  Patterson,^-  and  its 
particular  merit  is  that  it  prevents  the  formation  of  scum  on  the  mercury 
surface.  The  top  of  the  inner  tube  A,  which  is  completely  filled  with 
mercury,  is  covered  with  a  thin  rubber  sheet  ;  the  expansion  of  the  liquid 


Fig.  2. 


with  rise  of  temperature  presses  this  rubber  against  the  inlet  tube  and  thus 
closes  it.  Dr.  Patterson  has  used  this  type  of  regulator  for  ten  years  and 
finds  it  very  satisfactory.  One  regulator  with  80  c.c.  of  benzene  in  the  bulb 
has  been  used  in  the  thermostat  of  a  polarimeter,  and  no  change  could  be 
detected  with  a  Beckmann  thermometer  during  a  day  or  two. 

Adjustment  for  Alteration  of  Temperature.— The  adjustment  of  the  regulator 
for  a  different  temperature  is  usually  effected  by  removal  or  addition  of 
mercury  through  a  side  tube,  fitted  with  a  glass  tap.  The  ease  of  adjustment 
varies  with  the  particular  tap,  and  is  sometimes  troublesome. 

A.  Slator  f    describes  another   method  of    altering    the    mercury    level. 


•  Journ.  Sac.  Cliem.  Ind.,  1902,  22. 


t  Ibid.,  1911,  30,  61. 
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Fi^.  3  shows  the  upper  part  of  the  regulator  and  does  not  include  the  toluene 
bulb.  The  glass  rod  plunger  A  passes  through  the  rubber  bung  li  and 
forces  the  desired  amount  of  mercury  into  the  stem  K  of  the  apparatus.  The 
cup  D  is  filled  to  the  exclusion  of  all  air  by  a  mixture  of  about  two  parts 
glycerine  and  one  of  water.  The  bung  B  rests  on  the  cup,  and  is  held  in 
position  by  the  rubber  tubing  C,  which  overlaps  the  bung  and  the  cup.  The 
plunger  readily  slides  through  the  bung  owing  to  the  efficient  lubrication  by 
the  glycerine  and  water,  and  to  tiie  fact  that  the  tubing  C,  whilst  making  a 
tight  joint,  does  not  unduly  compress  the  bung.  The  bend  F  ensures  the 
mercury  remaining  in  the  side  piece,  even  if  the  level  in  the  stem  falls  below 
the  joint  H.  By  means  of  this  arrangement  the  regulator  can  be  adjusted 
accurately  to  any  desired  temperature  over  a  wide  range  of  temperatures.  It 
has  also  been  noticed  that  the  fragile  end  M  of  the  tube  N  is  rendered  less 


Fig.  3. 


liable  to  breakage  if  the  two  are  connected  by  means  of  narrow  rubber 
tubing,  E  (bicj'cle  valve  tubing),  instead  of  being  rigidly  attached. 

Electrically  Controlled  Thermostats  witU  Gas  Heating. — \V.  Meyerhoffer  =>"- 
described  a  thermostat  in  which  the  bulb  of  the  regulator  was  filled  with 
mercury.  An  electrical  device  was  used  to  cut  off  the  gas  supply  by 
pressure  on  a  rubber  tube,  whenever  the  circuit  was  closed  by  expansion 
of  the  mercury. 

Another  ekctrically  controlled  tlicrmostat  is  described  by  J.  L.  R. 
Morgan,  j  which  may  be  used  at  any  temperature  between  0°  and  90°.  The 
bath  liquid  is  heated  or  cooled  by  a  regulated  supply  of  hotter  or  colder 
liquid.     It  is  claimed  that  this  thermostat  is  very  satisfactory  in  use. 

Electrically  Heated  Thermostats. — This  subject  is  being  dealt  with  at  the 

'  Zcit.  physik.  Cli^.,  1890,  5,  99. 

•f  Jonru.  Amcr.  Chcm.  Sac,  191 1,  33,  344, 
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same  meeting  by  Professor  Hugh  Marshall,  and  tlie  following  notes  arc 
therefore  intended  only  as  an  addendum  to  his  Paper.  It  may  be  mentioned 
that  a  similar  system  of  electric  heating  i.->  described  by  J.  and  G.  Gibson,- 
which  differs  in  some  details.  A  full  description  with  diagrams  of  their 
apparatus  is  given  in  the  above-mentioned  paper. 

Some  time  ago,  on  account  of  lamps  breaking,  I  tried  heating  witli  naked 
platinum  wire,  the  other  arrangements  being  as  described  by  Professor 
Marshall.  So  far  as  a  brief  trial  showed,  this  method  of  heating  appears 
satisfactory.  It  may  be  mentioned  that  if  bare  wires  are  used  for  heating, 
they  must  be  joined  at  the  ends  to  thick  wires  to  seal  into  the  glass,  as  glass 
is  immediatelv  fractured  by  tiie  heat  from  a  tliin  wire. 


Fig.  4. 


Thermostat  with  several  Novel  Features. — G.  A.  Hulett  \  uses  a  thermostat  in 
which  about  100  litres  of  kerosene  (paraffin  oil)  serve  as  the  bath  liquid. 
This  was  kept  dry  by  a  dish  of  calcium  chloride  in  the  bath.  The  regulator 
is  a  toluene  regulator  with  several  long  narrow  limbs,  and  the  regulation  is 
electrically  controlled. 

The  heating  coils  consist  of  0*25  mm.  nickel  wire  wound  on  10  mm.  glass 
tubes.  The  tubes  were  shellaced  to  hold  liie  wire  in  place,  and  it  was  found 
that  the  shellac  was  unaffected  by  the  oil  in  the  bath.  The  resistance  of  the 
coil  was  about  120  ohms,  and  the  iio-volt  circuit  was  used,  with  an  external 
resistance  to  reduce  the  current.  It  was  found  that  about  0*4  ampere  was 
sufficient  to  control  the  bath. 

•  Proc.  Roy.  Soc.  Edinburgh,  1909,  30,  255. 
t  The  Physical  Review,  191 1,  32,  27O. 
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New  Electrically  Controlled  Regulators.— I  am  indebted  to  Mr.  Charles 
Frascr  for  a  description  of  tliese  regulators,  which  have  not  been  previously 
described. 

In  the  first  form,  Fig.  4,  a  metal  plunger,  /',  floats  on  the  surface  of  the 
mercury.  This  carries  a  curved  platinum  wire,  C,  at  the  end  of  a  rod,  and 
contact  is  made  wlien  C  comes  in  contact  with  C ,  tlie  point  of  contact  on 
C  being  also  covered  with  platinum.  The  vulcanite  plug  V  serves  to 
insulate  C  and  its  connections.  The  rough  adjustment  is  effected  by  altera- 
tion of  the  amount  of  mercury  in  the  usual  way,  while  the  final  adjustment  is 
effected  by  raising  or  lowering  C  by  means  of  the  brass  screw  and  mill-head. 

The  particular  advantage  of  this  regulator  is  that  contact  is  made  and 
broken  between  platinum  contacts,  and  the  splashing  of  mercury,  due  to 
sparking,  is  tluis  avoided.  Dr.  Knox  has  used  one  of  these  regulators  for 
many  months  and  found  it  extremely  satisfactory  and  reliable. 


Fig.  5. 

The  second  form,  Fig.  5,  is  interesting  in  that  no  current  passes  through 
the  mercury.  Contact  is  made  between  two  platinum  terminals,  C,  and  d, 
and  broken  when  the  rise  of  the  plunger  lifts  C,.  Any  side-to-side  move- 
ment of  the  plunger  and  connections  is  prevented  by  the  garnet  jewel 
setting  /  in  the  vulcanite  ring  V.  The  regulating  screw  serves  for  fine 
adjustment,  the  rough  adjustment  being  effected  as  usual  by  alteration  of  the 
amount  of  mercury  in  the  regulator.  Mr.  Fraser  regards  this  form  as  an 
improvement  on  the  first  form'. 


Sh.\kin-g  and  Stirring  App.\ratus. 

Shaki'jjg  Apparatus. — The  tj'pe  which  is   in  general   use  is  described   by 
von  Ende,*  who  gives  a  photograph  of  the  apparatus.     It  is  desirable  that  the 

*  Zcit.  Aiiorg.  Clicmie,  1901,  26,  129. 
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movable  bar  by  wliich  the  bottles  are  held  in  place  shoiild  be  made  of  wood, 
as  with  a  metal  bar  there  is  more  risk  of  fracture. 

Dr.  J.  Knox  has  shown  me  a  neat  device  for  a  drivin<»  band  to  be  used 
under  water.  Leather  and  gut  bands  both  disintegrate  in  water,  particularly 
at  high  temperatures,  and  Dr.  Knox  tlierefore  uses  a  band  made  of  brass  wire 
wound  in  a  close  narrow  spiral.     The  advantages  of  this  are  obvious. 

Stilling. — Efficient  and  vigorous  stirring  is  necessary  if  the  temperature 
fluctuations  are  to  be  kept  small.     Personally  I  like  a  glass  "angle"  stirrer 


n 


E: 


Brass 

CoUdr 


Fig.  6. 


of  the  type  shown  in  Fig.  6.  Tlie  side  tube  is  about  2  inches  long  and  the 
vertical  tube  of  such  length  that  it  ends  about  i  inch  from  the  bottom  of  the 
bath  when  the  side  tube  is  about  2  inches  below  the  surface.  This  gives  a 
good  circulation  of  water. 

For  some  time  I  have  stirred  a  deep  thermostat  by  blowing  through  a 
stream  of  air  so  that  the  air  bubbles  ascend  through  a  wide  tube  which  is 
open  at  both  ends.  This  causes  a  constant  circulation  of  the  water.  The 
ternperature  at  one  level  has  not  been  found  to  vary  more  than  ±  o"05°,  and 
the  maximum  variation  noticed  in  different  corners  of  the  bath  was  o'i°,  but 
it  is  usually  rathfcr  less.  For  many  purposes  this  is  sufficient,  and  it  is  some- 
times more  convenient  to  use  an  air-blower  than  a  mechanical  stirrer.  For 
closer  constancy,  however,  a  much  more  vigorous  stirrer  is  necessary. 

Chemistry  Department, 

University  of  Edinburgh. 


NOTE   ON   TWO   THERMO-REGULATORS. 
By    W.    R.    BOUSFIELD,    M.A.,    K.C. 


{Exhibited  before  llic  Faraday  Society,  Wednesday,  December  6,  191 1, 
Dr.  J.  A.  Harkek,  F.R.S.,  in  tlie  Chair.) 


Fig.  I  represents  a  regulator  specially  designed  for  an  air  thermostat, 
in  which  a  battery  of  standard  cadmium  cells  was  kept.  The  principle  is 
equally  available  for  a  water  thermostat,  though  slight  changes  of  detail  would 
be  necessary. 

The  source  of  heat  to  be  regulated  was  an  electric  radiator,  worked  direct 
from  the  power  mains  carrying  an  alternating  current  at  240  volts.  A  B  are 
the  upper  and  lower  surfaces  of  a  column  of  mercury  contained  in  a 
barometer  tube.  Part  of  this  mercury  colunm  is  in  series  with  the  radiators 
and  tlie  current  from  the  main,  which  passes  into  and  out  of  the  mercury  by 
platinum  wires,  i  mm.  thick,  sealed  in  the  glass  walls  of  the  tube.  The 
current  enters  through  the  wire  C,  which  is  placed  sufficiently  far  below 
the  surface  A  to  be  always  immersed.  The  circuit  is  closed  by  contact 
between  the  lower  platinum  wire  D  and  the  lower  surface  B  of  the  mercury. 
The  barometer  tube  communicates  with  the  bulb  E,  which  is  filled  with 
hydrogen  through  a  cock,  F.  A  cock,  C,  serves  to  regulate  the  quantity  of 
mercury  for  the  desired  temperature,  and  enables  the  bulb  E  to  be  thoroughly 
washed  out  with  hydrogen  gas.  Overheating  of  the  thermostat  expands  the 
gas  and  causes  the  mercury  surface  B  to  be  forced  away  from  the  platinum 
wire,  thus  cutting  off  the  current.  The  reverse  process  takes  place  when  the 
temperature  falls  below  the  mean. 

The  tube  is  furnished  with  two  bulbs  at  A  and  H.  The  mean  pressure  in 
E  must  be  so  chosen  that  the  mercury  in  A  normally  occupies  about  half  the 
bulb  A.  The  purpose  of  the  bulb  H  is  to  supply  sufficient  mercury  to  fill 
the  bulb  A  in  case  of  overheating,  without  allowing  the  lower  level  of  the 
mercury  to  be  depressed  to  the  bottom  of  the  tube,  which  would  permit  air 
bubbles  to  pass  and  spoil  the  vacuum  in  A. 

It  is  best  to  instal  the  regulator  with  the  mean  pressure  in  E  about  equal 
to  mean  atmospheric  pressure.  The  length  of  the  tube  will  then  be  that  of 
an  ordniary  barometer.  In  this  way  the  possible  leakage  of  the  mobile 
hydroge.i  through  defective  taps  is  prevented. 

In  such  an  apparatus,  where  the  full  current  through  the  radiators  from  a 
pressure  of  240  volts  in  the  mains  passes  through  the  mercury  and  gives  rise 
to  a  spark  at  B  on  breaking  the  contact,  it  was  a  matter  of  vital  importance 
to  prevent  oxidation  or  other  deterioration  of  the  surface  of  the  mercury. 
For  instance,  it  was  anticipated  that  nitrogen  with  traces  of  oxygen  and 
water  vapour  might  give  rise  to  nitric  acid  and  cause  trouble.  Hydrogen 
forms  no  compound  with  merci^fy,  and  was  tried  in  the  first  instance.  It 
proved  completch-  successful.     Last  winter  the  regulator  was  kept  working 
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day  and  night  for  six  months,  maintaining  a  temperature  of  about  18°  C.  No 
tarnishing  of  the  mercury  surface  lias  taken  place,  and  it  seems  as  liright 
as  when  it  was  first  installed. 

A  point  of  importance  is  that  the  regulation  is  independent  of  variations 
of  atmospheric  pressure,  owing  to  the  gas  being  completely  enclosed  and 
working  against  a  vacuum. 

To  find  the  sensitiveness,  let — 

P  =  pressure  of  hydrogen  in  mm.  of  mercury. 

V  ^  volume  in  c.c.  of  bulb  E. 

9  =  absolute  temperature. 

A  =  sectional  area  of  tube  at  A  in  cm.-. 

B  ^  sectional  area  of  tube  at  B. 

X  =  distance  in  mm.  of  mercury  surface  at  B,  below  platinum  point. 

//  =  mean  lieight  in  mm.  of  mercury  level  at  A  above  platinum  point. 


P=(«  +  .)o-,v 


SV  =  B6x  X  —  (since  x  is  mm.) 
10 

PV  =  C0 
dx  dx  dx 

i.e. — 

I     dO_    B         i^/B         \ 
e'  dx~ioW'^  PU  "^  V' 

For  greatest  sensitiveness  -.-   must  be  as  small  as  possible.     Hence  V  and 

A  must  be  as  large  and  B  as  small  as  possible.  The  sensitiveness  is  also 
increased  by  making  P  large,  but  for  the  reasons  mentioned  it  is  best  kept  at 
about  atmospheric  pressure. 

If —  B  ^o"i  crn.=  A  =  4  cm.- 

P  =  760  mm.  V  =  760  c.c. 

0  =  300°  equivalent  to  27°  C. 

we  have — 

do        300,  ,  . 

-r  =  -,  (o-oi  +  I  "025) 
dx        760^  -^ 

00  =  o*4  Sx. 

With  these  dimensions  i  mm.  fall  of  the  mercury  contact  surface  at  B  corre- 
sponds to  o'4'-'  C,  or  001^  C.  to  one-fortieth  of  a  mm. 

The  sensitiveness  realised  depends  of  course  upon  the  activity  of  stirring 
of  the  contents  of  the  thermostat.  The  comparative  sensitiveness  relative  to 
that  of  a  regulator  depending  on  the  expansion  of  mercury  or  toluene  is 
chiefly  influenced  by  the  fact  of  the  small  heat  capacity  of  the  hydrogen  con- 
tained in  the  bulb  and  the  large  surface  available  for  rapid  heat  exchange. 
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Water  Bath  Regulator,  Fig.  2.— This  is  a  modified  form  of  Lowry  gas  regu- 
lator. It  was  designed  in  the  form  of  a  grid,  so  as  to  be  placed  near  the  side 
of  a  large  water  bath,  in  order  to  take  up  as  little  room  as  possible.     The  last 


Fig.  I. 


U-shaped  limb  contains  mercury  from  B  to  A.  The  remainder,  from  A  to  C, 
is  filled  with  toluene.  Easy  filling  is  secured  by  the  use  of  a  small  tube  C, 
which  is  sealed  with  a  blow-pipe  \\Jien  the  mercury  and  toluene  are  in  place. 
It  is  not  difticult  to  fuse  the  tubc^C  when  filled  with  toluene  as  the  heating 
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causes  the  toluene  to  boil  near  C  and  fill  the  tube  with  vapour,  which  excludes 
air.  so  that  when  the  tube  cools  it  is  filled  with  toluene  right  up  to  the  end 
without  an  air  bubble.  D  is  the  gas  inlet  pipe,  whicli  is  closed  by  the  expan- 
sion of  the  mercury.  E  is  the  gas  outlet  pipe.  The  tube  D  is  kept  in  place 
by  a  rubber  stopper,  which  permits  of  its  ready  removal.  Regulation  to  any 
desired  temperature  is  easy.  The  regulator  is  placed  in  the  bath,  which  is 
kept  at  the  desired  temperature  for  a  few  minutes.  The  tube  D  is  removed, 
and  an  excess  of  mercury  poured  in.  When  the  temperature  is  as  desired, 
the  excess  of  mercury  is  sucked  out  with  a  filter  pump  through  the  tube 
D.  Thus  the  right  quantity  of  mercury  is  obtained  corresponding  to  the 
required  temperature.  This  form  of  regulator  is  affected  by  variations  of  gas 
and  atmospheric  pressure,  but  it  is  not  difficult  to  secure  regulation  of  the 
thermostat  within  zt  0"oi°C. 

DISCUSSION. 

Professor  Francis  G.  Baily  (communicated) :  Dr.  Marshall's"  Notes  on 
Thermostats,"  in  so  far  as  they  relate  to  electric  heating,  seem  hardly  adequate 
in  the  present  state  of  knowledge.  The  lamp  he  describes  has  been  obtain- 
able as  an  object  of  commerce  for  many  years  for  investigating  the  interior 
of  vats  of  liquid.  A  very  perfect  thermostat,  with  which  Dr.  Marshall  is 
doubtless  familiar,  has  been  constantly  used  by  Dr.  J.  Gibson  in  the  chemical 
laboratory  of  the  Heriot-Watt  College  for  some  eight  years,  and  a  full  de- 
scription of  it  was  published  by  him.-  This  will  maintain  an  even  tempera- 
ture with  a  variation  of  considerably  less  than  t^^"  C.  for  days,  and  within 
tsjf''  iov  weeks.  I  may  draw  attention  here  to  two  points  in  this  apparatus. 
The  electrical  relay  is  operated  by  the  town  supply  and  is  joined  in  series 
with  a  high  resistance.  The  mercury  contact  short  circuits  the  relay  coils 
instead  of  breaking  the  current.  This  avoids  the  use  of  a  battery  and  reduces 
sparking  at  the  contacts  to  a  negligible  quantity.  I  may  say  that  a  P.O. 
relay,  as  Dr.  Marshall  calls  it,  is  not  suitable.  What  he  illustrates,  and  Dr. 
Gibson  uses,  is  a  simple  electromagnet  like  a  P.O.  sounder,  but  it  is  obviously 
better  to  use  a  gravity  control  rather  than  a  spring.  One  other  point  is  of 
great  importance.  The  stirring  must  be  very  vigorous,  and  the  stirrer, 
shaped  like  the  propeller  of  a  steamship  or  an  electric  fan,  should  drive  the 
water  downwards  past  the  lamps  to  the  toluol  tube  at  the  bottom.  Thus  the 
instant  the  lamps  light  up,  the  warmed  water  affects  the  thermometer  and 
the  lamps  are  extinguished.  If  not  enough  heat  has  been  given,  they  light 
up  again  for  a  moment,  and  so  on.  Only  a  very  small  quantity  of  heat  is 
given  at  a  time,  and  this  is  well  stirred  in  before  any  more  is  added.  The 
result  is  that  not  only  is  the  average  temperature  very  uniform,  but  the 
momentary  fluctuations  are  extremely  minute.  Moreover,  the  ability  of  the 
apparatus  to  cope  with  cold  nights  is  great,  because  abundance  of  heating 
power  can  be  used,  with  the  certainty  that,  notwithstanding  this,  the  fluctua- 
tions will  not  be  disturbing.  The  objects  under  treatment  are  kept  near  the 
top  of  the  bath,  so  that  the  water  passing  the  lamps  is  thoroughly  mixed 
before  it  reaches  them. 

Mr.  E.  H.  Rayner  said  it  was  often  desirable  to  keep  a  room  or  oven 
at  a  steady  temperature  ;  in  the  latter  case  it  might  be  anything  from  atmo- 
spheric to  200'^  C.  An  oven  had  been  built  of  nearly  a  cubic  metre  in 
capacity,  with  electric  heating,  the  temperature  of  which  could  be  main- 
tained at  any  value  up  to  200'.  The  walls  were  about  15  cm.  thick,  and 
filled  with  magnesia  bricks.     The  heating  was  done  by  Schniewindt  resist- 

•  J.  and  G.  E.  Gibson,  Proc.  Roy.  Soc.  Ed.,  1909,  vol.  30,  part  3,  p.  254. 
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ances  which  could  be  put  in  any  combination  of  series  parallel  by  three-way 
switches.  The  thermostat  is  a  bi-metallic  strip  of  brass  and  invar  each  about 
I  mm.  thick  and  150  mm  long.  They  are  riveted  together  about  every  15  mm. 
The  strip  makes  contact  with  an  adjustable  screw  when  the  temperature 
reaches  the  desired  value  and  cuts  off  a  portion  of  the  heating  current  through 
a  relay.  One  turn  of  the  screw  (No.  2  B.A.,  pitch  08  mm.)  corresponds  to  about 
5°  C,  and  the  thermostat  generally  holds  the  oven  temperature  well  within 
o'i°  C.  It  is  an  advantage  to  have  the  handle  separate  from  the  screw,  and 
the  method  shown  in  the  sketch  affords  a  convenient  flexible  joint.  It  is 
necessary  to  circulate  the  air  in  the  oven  by  an  electric  fan  which  has  an 
elongated  spindle  passing  through  the  oven  wall.  As  regards  the  thermo- 
stating  of  large  rooms  the  central  geodetic  laboratory  in  Potsdam  had  tried 
various   methods,  and  found  that   the    most  satisfactory   was  to   apply  the 
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heating  under  a  false  floor  of  loose  brickwork  with  open  joints.  By  thus 
making  the  floor  itself  the  hottest  part  of  the  room,  the  temperature  gradient 
in  the  air  above  had  been  reduced  to  a  very  low  value. 

Mr.  E.  P.  HoUis  thought  the  meeting  might  find  interest  in  a  problem 
he  recently  became  acquainted  with  while  visiting  the  electrical  works  of  a 
large  firm  of  explosive  makers.  He  was  told  that  the  firm  was  attempting  to 
devise  an  electrical  arrangement  for  maintaining  the  temperature  of  a  large 
room  containing  explosives  constant  within  1°  C.  The  problem  seemed  a 
difficult  one,  and  it  was  not  easy  to  understand  how,  with  even  the  most 
perfect  practical  device,  it  would  be  possible  to  keep  the  temperature  within 
the  limit.  A  well-insulated  room  would  be  imperative,  and  might  probably 
best  take  the  form  of  a  large  vacuum  flask. 

Mr.  Colebrook  Reynolds  inquired  how  Dr.  Lowry's  thermostat 
compared  with  gas  valve  biological  incubators  of  the  Hearson  type. 

The  Chairman  said  that  Dr.  Benoit,  the  Director  of  the  International 
Laboratory  of  Weights  and  Measures  at  Sevres,  had  had  to  make  a  large 
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number  of  comparative  measurements  at  the  Laboratory  of  Weights  and 
Measures  at  Sevres  at  a  temperature  of  0°  C.  maintained  by  a  thermostat. 
A  special  room  was  arranged  for  the  purpose.  The  walls  were  hollow  and 
were  made  of  galvanised  metal  and  were  cooled  by  a  circulation  of  brine 
solution,  but  it  had  been  found  very  difficult  to  keep  the  wliole  room  at  o''  C, 
and  he  believed  tlie  attempt  to  do  so  had  now  been  abandoned.  This  was 
mainly  owing  to  difticulties  connected  with  the  deposition  of  moisture  from 
the  atmosphere  of  the  room  which  was  often  saturated  with  aqueous  vapour. 
Mr.  J.  Swinburne  {communicated)  :  A  relay  is  often  useful  in  gas 
regulation,  because  a  thermostat  cannot  easily  be  made  to  permit  a  large  flow 
of  gas  and  to  be  very  accurate  at  the  same  time.  The  figure  shows  a  relay 
made  out  of  a  street-lamp  governor.  These  little  governors  are  made  so  that 
the  gas  comes  in  at  the  bottom  and  passes  through  a  valve  into  the  lower 
chamber.  From  there  it  passes  through  the  side  piece  C,  and  up  a  passage  in 
the  lead  to  the  top,  not  in  connection  with  the  upper  chamber,  and  thence  to 
the  burner.     The  lower  chamber  is  separated  from  the  upper  by  a  diapliragm 


of  thin  leather  weighted,  which  controls  the  valve,  and  the  upper  chamber  is 
open  to  the  atmosphere  through  two  holes  in  the  cover.  It  is  thus  a'/simple 
governor.  To  make  it  work  as  a  relay  the  gas  is  led  in  at  the  top,  going 
through  the  passage  in  the  cover  to  the  side  piece  C,  and  into  the  lower 
chamber  above  the  valve.  If  the  valve  is  open  it  passes  down  and  out 
through  the  tap  D  to  the  burner.  One  of  the  holes  in  the  cover  has  a  pipe  E 
soldered  in,  and  this  is  connected  to  the  thermostat.  The  other  has  a  pipe  /•', 
which  is  connected  to  a  jet  with  a  very  small  opening.  When  the  thermostat 
admits  gas  through  E,  the  pressure  above  and  below  the  leather  diaphragm  is 
the  same,  and  as  half  the  original  weight  is  left  on  the  diaphragm  it  falls  and 
opens  the  valve  full.  A  little  gas  escapes  through  F.  When  the  thermostat 
closes,  gas  stops  coming  in  at  E,  and  the  leakage  through  F  reduces  the 
pressure  above  the  diaphragm  and  it  closes  the  valve.  The  tap  D  is  on 
the  exit  side,  so  as  not  to  interfere  with  the  pressure  in  the  apparatus.  As 
very  little  gas  goes  through  the  thermostat,  it  can  be  purified  by  passing 
through  soda  lime  so  as  not  to  foul  the  mercury  in  the  thermostat. 

Professor  Hugh  Marshall  (commuukatcd  reply)  :  I  can  hardly  accept 
Mr.  Baily's  view  that  the  Note,  so  far  as  it  deals  with  the  electric  heating  of 


266  NOTES   OX   THERMOSTATS 

thermostats,  is  inadequate,  considering  tliat  it  was  addressed  to  the  members 
of  the  Faraday  Society  and  not  to  a  general  audience.  Mr.  Baily  nevertheless 
considers  that  a  description  of  the  lamp  used  by  me  is  now  superfluous,  but  I 
have  found  that  such  lamps  and  their  uses  are  still  unknown  to  many 
chemists.  Whatever  may  be  the  case  now,  they  were  not  obtainable  ready- 
made  in  Britain  when  I  first  began  to  use  them,  but  had  to  be  specially  made 
to  order  ;  I  have  not  previously  published  anything  concerning  them. 

I  am  acquainted  with  Dr.  Gibson's  thermostat,  referred  to  by  Mr.  Baily. 
It  was  originally  an  e.xternally-heated  one,  but  has  since  been  adapted  as  an 
internally-heated  one  by  the  use  of  lamps  which  the  authors  themselves 
describe  as  made  "according  to  Professor  Hugh  Marshall's  specification" 
{loc.  cit.  ante,  p.  255). 

In  one  point — that  regarding  the  relay — Mr.  Baily's  criticism  is  quite 
justified,  owing  to  a  slip  of  the  pen  in  making  an  alteration  in  the  manu- 
script ;  "post-office  pattern"  should  read  "  post-ofiice  sounder."  The 
illustration  to  show  connections,  etc.,  is  purely  diagrammatic,  and  the  other 
points  (including  gravity  control)  referred  to  by  Mr.  Bail)-  are  all  carefully 
attended  to.  It  was  considered  superfluous  to  detail  them  to  any  one  in  the 
habit  of  using  thermostats  of  any  accurate  kind.  The  principal  reason  for 
contributing  the  Notes  was  to  call  attention  to  the  combination  of  internal 
heating  and  external  cooling  arrangements  for  low  temperatures. 


MERCURY     LAMPS    FOR    USE    IN    SPECTROSCOPY, 
POLARIMETRY,    AXD    SACCHARIMETRY. 

By  T.  martin  LOWRY,  D.Sc. 

[Exhibited  before  the  Faraday  Society,  Wednesday,  December  6,  191 1, 
Dr.  J.  A.  Harker,  F.R.S.,  in  the  Chair.) 

The  enclosed  mercury  arc  was  used  as  a  source  of  light  in  spectroscopy 
as  early  as  1860/'^  In  work  of  this  kind  no  great  intensity  of  light  is  needed, 
the  light  emitted  from  a  vacuum  tube  being  quite  sufficient  for  taking 
readings  with  a  spectroscope  or  with  an  instrument  such  as  the  Puifrich 
refractometer.  A  mercury  light  of  sufficient  intensity  for  this  work  can  be 
produced  verv  conveniently  from  a  hydrogen  tube  containing  a  globule  of  the 
metal  ;  this  hydrogen-mercury  tube  has  the  advantage  that  it  lights  more 
easily  than  a  tube  containing  mercury  only,  whilst  by  warming  the  globule, 
the  spectrum  of  the  metal  can  be  made  as  bright  as  may  be  wished. 

The  problem  of  providing  a  source  of  light  for  use  in  polarimetry  is  much 
more  difficult,  on  account  of  the  fact  that  the  intensity  of  the  light  is  reduced 
to  a  small  fraction  of  its  original  magnitude  by  the  action  of  the  Nicol  prisms. 
The  polarising  Xicol  begins  by  eliminating  half  the  light,  and  if  the  half- 
shadow  angle  of  the  instrument  is  set  to  5"  there  is  a  further  reduction  to 
sin  2^"  X  +  =  0"02i8  at  the  "extinction"  position.  The  intense  light  of  the 
modern  mercur\'  lamp  renders  it  exceptionally  suitable  for  use  in  polarimetry, 
and  it  is  now  beginning  to  be  employed  to  a  considerable  extent  also  in 
technical  saccharimetry. 

The  chief  advantages  of  the  mercury  light  may  be  summarised  as 
follows!  : — 

■  I.  The  green  line  is  of  exceptional  purity  :  a  rotatory  power  of  5,000"  can 
be  read  as  easily  as  one  of  5°  ;  on  the  other  hand,  wlien  sodium  is  used,  the 
two  lines  D,  and  Dj  do  not  extinguish  togetlier  except  in  the  case  of  small 
rotations. 

2.  The  line  can  easily  be  separated  from  the  other  constituents  i){  tlie 
spectrum  by  means  of  a  direct  vision  prism  of  low  power  :  no  extra  cost  is 
involved  in  fitting  this  to  the  eyepiece  of  the  polarimeter,  as  even  sodium 
light  cannot  be  used  for  accurate  work  unless  some  such  method  is  used  to 
purify  the  crude  Hame-spectrum. 

3.  On  account  of  the  great  intensity  of  the  light  the  half-shadow  angle  of 
the  polarimeter  may  be  reduced  to  2°,  1°  or  less  :  the  instrument  then 
becomes  exceedingly  sensitive.  Alternatively,  cloudy  or  coloured  sugar 
syrups  may  be  read  with  a  half-shadow  angle  of  moderate  size. 

•  J.  H.  Gladstone,  "On  the  Electric  Light  ..f  Mercury,"  Phtl.  Maf^.,  i.s6o  [iv.] 
20,  24f;-253. 

t  Compare  Phil.  Mag.,  1909,  22,  3.20-327,  where  the  use  of  mercury  and  cad- 
mium lines  as  standards  in  refractometry  has  been  advocated. 
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4.  The  light  is  absolutely  steady  and  may  be  kept  running  without  inter- 
ruption tor  a  week  at  a  time  :  all  risk  of  change  of  zero  through  changed 
illumination  is  tliereby  avoided. 

5.  Contamination  of  the  atmosphere  and  dirtying  of  the  instrument  by 
sodium  salts  are  avoided. 

6.  The  readings  are  usually  at  least  18  per  cent,  greater  for  mercury  green 
than  for  sodium  yellow  light. 

The  credit  of  introducing  the  use  of  the  mercury  lamp  in  polarimetry 
belongs  to  Disch  *  and  to  Sch6nrock,f  who  made  use  of  the  Arons  lamp. 
Through  the  kindness  of  Mr.  Bastian  I  was  enabled  in  1906  to  introduce  this 
novel  method  of  illumination  in  my  own  laboratory  ;  since  that  date  the 
sodium  light  has  been  abolished,  except  when  dispersion  values  are  required, 
or  when  some  comparison  has  to  be  made  with  observations  made  by  the 
older  methods.  The  mercury  lamp  is  also  being  used  at  South  Kensington 
and  at  Cambridge,  and,  when  its  advantages  have  been  generally  realised,  will 
certainly  be  adopted  as  the  ordinary  method  of  illumination. 

Although  no  longer  on  the  market,  the  Bastian  glass  mercury  lamp  (Fig.  i) 
is  still  the  best  for  ordinary'  laboratory   use.      Its  current   consumption   is 


Fig.  I. — Bastian  Mercury  Lamp. 


small ;  no  auxiliary  resistances  are  required  ;  the  flex  carrying  the  current  to 
the  lamp  can  be  plugged  into  the  ordinary  lighting  circuit  without  damaging 
the  wires  or  blowing  the  fuses  ;  and  for  work  of  high  accuracy  the  light  is  found 
to  be  purer,  and  the  continuous  background  to  the  spectrum  far  less  intense, 
than  in  the  case  of  the  silica  lamps  of  high  power  which  have  displaced  it 
from  commercial  use.  The  lamp  must  be  lighted,  and  is  intended  to  burn 
with  the  zig-zag  tube  in  a  horizontal  plane  ;  but  as  soon  as  the  tube  is  hot  the 
lamp  may  be  turned  into  a  vertical  plane  and  will  burn  in  this  position  for 
some  days  without  going  out.  It  is  then  possible  to  focus  one  of  the  straight 
portions  of  the  tube  upon  a  vertical  slit,  thus  producing  an  intense  and 
uniform  linear  illumination. 

Two  forms  of  silica  lamp  have  been  designed  for  use  with  the  polarimeter, 
and  are  described  here  for  the  first  time.  The  lamp  shown  in  Fig.  2  was 
designed  in  order  to  use  the  arc  in  the  end-on  position.  In  a  lamp  of  this 
type  the  bulb  on  the  right  in  the  figure  usually  becomes  covered  with  drops 

•  Ami.  Phys.,  1903  [iv.]  I2,  1155. 

t  Z.  Vcreiiis  Deutscl^Zuch..lud..  1903,  53,  652. 
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of  condensed  mercury  :  to  avoid  this  ii  window  of  polislied  silica  was  mounted 
on  a  re-entrant  tube  in  the  centre  of  the  bulb  where  it  is  kept  hot  by  the 
arc  and  remains  clear  and  free  from  globules  of  mercury.  The  lamp  takes  a 
current  of  3^  amperes  and  produces  a  very  powerful  light.  It  was  found  to 
be   of  very   great   service   in   taking  polarimetcr   readings   with   the   violet 


Fig.  3. — Vertical  Silica 
Mercury  Lamp. 


mercury  line,  when  studying  rotatory  dispersion,  the  violet  light  being  so 
intense  that  readings  can  be  taken  with  a  half-shadow  angle  of  about 
4^  only. 

The  chief  disadvantage  of  the  end-on  lamp  is  that  a  slight  displacement 
of  the  lamp  may  produce  a  marked  alteration  in  the  relative  illuminations  of 
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different  parts  of  the  field  of  the  polarimeter.  The  lamp  must  therefore  be 
set  very  carefully  if  a  constant  zero-reading  is  to  be  maintained.  This 
difficulty  can  be  avoided  by  using  a  horizontal  line  of  light  to  illuminate  the 
polarimeter  when  the  field  is  divided  vertically,  or  a  vertical  line  of  light  for 
a  polarimeter  in  which  the  divisions  are  horizontal.  Most  of  the  commercial 
silica  mercury  lamps  are  arranged  with  a  horizontal  arc,  and  are  therefore  not 
suitable  for  use  with  a  spectro-polarimeter  in  which  the  division  of  the  field 
must  be  made  horizontal.  In  order  to  overcome  this  difficulty  the  lamp 
shown  in  Fig,  3  was  devised.  It  is  a  modification  of  the  commercial 
"  Quartzlite "  lamp  and  was  constructed  specially  by  the  Brush  Electrical 
Engineering  Company  for  use  in  the  vertical  position.  Two  of  the  lamps 
have  now  been  in  use  for  nearly  a  year  and  have  proved  to  be  satisfactory  in 
every  respect.  The  line  of  light  is  very  intense  as  the  arc  "  pinches  "  into  a 
narrow  column  (about  ^-in.  diameter)  in  the  centre  of  the  tube.  The  only 
drawback  to  this  concentration  is  the  development  of  an  appreciable  quantity 
of  continuous  light,  and  a  marked  intensification  of  the  weaker  lines  and 
satellites,  demanding  some  additional  care  in  ttie  spectral  purification  of 
the  vellow  and  violet  lines. 
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The  Principles  and  Practice  of  Electric  Wiring.  By  A.  Biksill. 
(London,  1912  :  Longmans,  Green  &  Co.     Pp.  212.     Price  3s.  net.) 

This  book  is  written  mainly  for  practical  wiremen  attending  evening 
classes.  Fittings,  jointing,  and  erection,  heating,  lamps,  and  illumination  are 
dwelt  with  in  turn,  the  author's  method  being  first  to  outline  briefly  the 
necessary  theory  and  then  to  deal  with  the  practical  aspects  as  limited 
by  theoretical  considerations.  Some  of  the  chapters,  e.g.,  those  on  bells  and 
telephones,  the  dynamo  and  motor,  are,  however,  too  compressed  to  be 
of  value.  The  data  regarding  electrolytic  meters  apply  to  superseded 
types,  and  the  section  on  lamps  tends  to  further  the  already  too  common 
impression  that  there  is  no  tungsten  filament  lamp  other  than  the  "  Osram." 
The  polar  curves  for  dift'erent  types  of  lamp  would  be  of  far  greater  value  if 
the  watt  consumptions  were  given.  On  the  whole,  the  attempt  to  compress 
theory  and  practice  into  one  small  volume  is  very  successful,  and  the  careful 
and  clear  style  of  the  author  will  ensure  success  for  the  book  among  practical 
men  wishing  to  master  the  theoretical  elements  underlying  their  subject. 

The  Manufacture  of  Sulphuric  Acid  and  Alkali.  By  G.  Luxge, 
Ph.D.  Vol.  in.  3rd  edition.  (London,  191 1:  Gurney  and  Jackson. 
Pp.  xix  +  764.     Price  42s.) 

This  volume  deals  in  the  main  with  the  Ammonia-Soda  Process,  various 
processes  of  alkali-making,  and  the  chlorine  industry.  The  electrolytic 
methods  of  alkali  manufacture  have  not  been  included  in  this  volume 
because  of  the  great  amount  of  work  which  lias  been  carried  out  in 
recent  years,  as  the  author  states  in  the  preface  : 

•'Since  the  issue  of  the  last  edition  (in  1896)  the  electrolytic  methods 
of  producing  alkali  and  chlorine  have  been  developed  to  such  an  e.\tcnt  that 
it  was  decided  to  devote  to  that  chapter  a  separate  volume  to  be  issued  later 
as  Volume  IV-  of  this  treatise.  \  first-class  specialist,  Professor  Askenasy, 
aided  by  Professor  Haber,  has  undertaken  to  write  this  volume  ;  the  under- 
signed will  present  their  work  in  the  English  garb,  with  such  alterations  and 
additions  as  maj'  seem  advisable. " 

This  quotation  gives  one  an  idea  of  the  immense  importance  of  the  soda 
industry  and  of  recent  rapid  invention.  Notwithstanding  the  great  ramifica- 
tions of  the  electrolytic  processes,  and  the  large  amount  of  capital  invested, 
the  older  processes  still  hold  their  own,  and  employ  many  thousands  of 
hands. 

The  section  dealing  with  the  Ammonia-Soda  Process  is  exhaustive  and 
exceedingly  well  written  from  the  historical,  practical,  and  theoretical  points 
of  view.  It  has  been  brought  well  up  to  date,  and  is  an  article  which  all  in- 
terested in  the  alkali  industry  are  sure  to  find  useful.  This  section  is  divided  up 
under  the  following  heads  :  Historical  and  General,  the  Ammoniacal  Solution 
of  Salt,  the  Production  of  Carbonic  Acid  for  the  .Ammonia-Soda  Process,  Preci- 
pitation of  Sodium  Bicarbonate  by  theCarbonating  Process,  Filtering,  Drying, 
and  Calcining  the  Bicarbonate,  Recovery  of  the  Ammonia,  Combination  of  the 
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Apparatus,  Final  Products,  Costs,  Statistics,  other  Forms  of  the  Ammonia- 
Soda  Process,  Manufacture  of  Commercial  Bicarbonate  by  the  Ammonia- 
Soda  Process. 

The  various  sections  are  written  in  such  an  able  manner  that  not  only  is 
information  gained  in  connection  with  the  Ammonia-Soda  Process,  but  also 
as  to  the  various  methods  of  manufacturing  carbonic  acid  gas.  For  the 
Ammonia-Soda  manufacture  the  cheapest  process  is  the  lime-kiln  method, 
but  the  kilns  require  to  be  of  special  construction,  otherwise  the  concentration 
of  the  gas  is  insufiicient. 

The  success  of  the  Ammonia-Soda  Process  is  solely  due  to  the  minutest 
attention  to  detail,  the  absorption  of  the  ammonia,  preventing  the  .waste 
of  ammonia,  the  correct  separation  of  the  bicarbonate,  and  so  on.  The 
greatest  advantage  claimed  for  tliis  method  of  manufacture  of  carbonate  of 
soda  is  that  there  are  no  by-products.  This,  of  course,  makes  it  all  the  more 
important  to  see  that  no  loss  of  any  kind  takes  place,  because  such  losses  must 
be  dead  losses.  How  all  this  is  done  and  the  necessary  precautions  are  clearly 
set  out  by  Dr.  Lunge. 

The  next  section  of  the  book  deals  with  various  processes  of  the  alkali 
manufacture.  The  subject  is  divided  according  to  the  various  substances 
from  which  soda  can  be  manufactured.  Only  a  few  of  these  processes  are 
actually  employed  in  commerce  at  the  present.  But  there  is  a  great  deal  of 
information  to  be  gained  by  a  study  of  these  various  methods,  both  from 
a  theoretical  and  practical  aspect.  The  first  process  dealt  with  is  the  manu- 
facture of  soda  from  cryolite.  This,  owing  to  the  limited  amount  of  cryolite 
obtainable,  cannot  be  a  verj'  large  industry,  but  about  6,600  to  7,000  tons  are 
annually  manufactured  from  the  cryolite.  The  only  method  emploj-ed  at 
present  is  the  dry  treatment  by  ignition  of  cryolite  with  calcium  carbonate. 
This  causes  the  formation  of  calcium  fluoride  and  sodium  aluminate.  The 
aluminate  is  leached  out  and  decomposed  by  carbon  dioxide.  Then  follows 
the  manufacture  of  sodium  carbonate  from  sodium  chloride.  There  are  quite 
a  number  of  processes  described  which  are  theoretically  very  interesting,  but 
are  not  able  to  compete  with  the  electrolytic  methods  of  manufacture  by  th'e 
electrolysis  of  sodium  chloride. 

The  next  large  section  deals  with  the  Chlorine  Industry,  an  industry  which 
has  from  the  beginning  been  intimately  connected  with  alkali  manufacture, 
because  the  largest  proportion  of  the  hydrochloric  acid  produced  in  the  manu- 
facture of  salt-cake  has  been  worked  up  for  chlorine  and  chlorine  products. 

Dr.  Lunge  gives  a  verj'  full  description  of  the  analytical  methods  employed 
for  assaying  the  manganese  ores  used  in  the  manufacture  of  chlorine  gas. 
This  is  followed  by  a  most  complete  account  of  the  general  mode  of  manu- 
facture, the  construction  of  the  stills,  the  methods  of  working  and  of  drying 
the  chlorine  gas.  The  Weldon  Recovery  Process  is  exceptionally  fully  and 
well  written,  and  gives  one  an  insight  into  the  technical  difficulties  which  had 
to  be  overcome  before  the  process  could  be  successfully  applied  on  a  manu- 
facturing scale. 

A  description  of  the  Deacon  Process  then  follows,  and  in  connection  with 
this  there  is  an  illuminating  paragraph  on  p.  440  referring  to  the  fact  that 
Deacon  was  unable  to  obtain  a  patent  for  his  process  in  Germany  : 

"  Even  now  in  England  the  reproach  is  sometimes  made  that  no  German 
patent  has  been  granted  for  the  Deacon  Process  (no  more  than  for  the  Weldon 
Process),  and  this  is  styled  a  designed  '  robbery.'  This  reproach  is  not  merely 
unjust  but  simply  ridiculous.  Up  to  1876  there  was  no  patent  law  in  existence 
in  Germany.  An  inventor  would  have  had  to  appl}'  for  patents  in  36  single 
German  States,  many  of  which  did  ffot  grant  any  patents  at  all." 
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At  the  same  time,  althouijh  the  Germans  may  not  have  "  thrown  themselves 
greedily  upon  the  Weldon  Process,"  the  German  patent  hiws  or  want  of  patent 
laws,  and  our  own  lax  patent  law,  was  undoubtedly  at  the  time  a  j^reat  diffi- 
culty to  our  manufacturers.  If  they  prosecuted  the  German  agents  for 
infringement,  the  German  manufacturers  simply  dealt  directly  with  the 
consumers,  and  they  were  then  powerless.  In  the  case  of  the  chlorine 
industry  it  perhaps  did  less  harm  than  industries  in  which  the  products  were 
more  easy  of  export.  On  the  other  hand,  there  is  no  doubt  but  that  the  want 
of  a  homogeneous  law  was  also  a  great  drawback  to  German  industrj',  and 
since  the  consolidation  of  the  German  States  and  laws  the  industry  of  Ger- 
many has  gone  ahead  in  a  most  remarkable  manner. 

The  space  at  our  disposal  is  almost  exhausted,  but  we  must  mention  that 
there  are  interesting  and  most  valuable  articles  on  the  Manufacture  of 
Bleaching  Powder,  Bleach  Liquors,  and  other  Bleaching  Compounds,  the 
Chlorates.  The  volume  ends  with  an  appendix,  in  which  are  given  data  on 
the  production  of  alkali  and  chlorine  products  in  Great  Britain  and  Ireland 
and  in  Germany.  These  statistics  show  that  Great  Britain  still  maintains  her 
ascendancy  in  the  heavy  chemical  industry. 

This  volume,  like  the  rest  of  Lunge's  works,  does  not  require  recommen- 
dation, it  recommends  itself. 


A  Text-book  of  Inorganic  Chemistry.     By  George  Senter,  Ph.D. 
(London,  191 1  :  Methuen  &  Co.,   Ltd.     Price  6s.  6d.) 

This  book  is  one  of  a  series  of  text-books  on  Chemistry  which  are  being 
brought  out  under  the  able  editorship  of  Dr.  J.  T.  Hewitt,  F.R.S.  All  writers  of 
books  on  science  will  naturally  show  their  individuality  if  they  have  any,  and 
will  not  copy  or  follow  by  rote  what  has  been  written  by  others.  Some  years 
ago  this  was  not  the  case,  but  each  writer  took  some  other  writer's  method, 
and  we  got  a  stereotyped  style.  The  arrangement  was  the  same,  most  of  the 
diagrams  were  similar,  and  the  only  difference  was  that,  perhaps,  the  later  book 
was  a  little  more  up-to-date. 

At  present,  however,  this  is  in  general  not  the  case.  Most  of  tlie  new  works 
recently  published  express  the  authors'  own  methods,  and  there  are  almost 
as  many  methods  as  authors.  The  great  fact  is  that  in  most  cases  where  an 
author  shows  individuality  he  is  a  good  teacher.  He  may  not  be  a  brilliant 
lecturer,  but  he  will  be  able  to  embue  his  students  with  enthusiasm,  and  then 
all  else  will  follow. 

Dr.  Senter's  book  is  stamped  with  his  individuality.  He  is  fond  of  Physical 
Chemistry,  and  has  done  much  useful  work  in  this  domain.  Asa  consequence 
one  expects  to  find  and  does  find  that  the  newer  theories  and  practice  arc 
well  expressed  in  every  page  of  his  book. 

There  is  very  little  to  be  said  in  criticism  of  the  book  ;  it  is  good  and  it  is 
up-to-date,  and  the  student  who  has  carefully  studied  it  will  have  a  good 
grounding,  both  theoretical  and  practical. 

We  would  point  out  that  the  Acker  Process  for  the  electrolysis  of  sodium 
chloride  is  no  longer  in  use  at  the  Niagara  Falls,  and  that  the  process  as  it  was 
employed  is  not  quite  accurately  described.  It  is  to  be  hoped  that  in  the 
next  edition  the  metallurgy  of  iron  will  be  dealt  with  rather  more  fully.  It  is 
also  rather  strange  that  the  name  of  Professor  Dunstan  is  not  mentioned 
in  connection  with  the  rusting  of  iron.  In  fact,  this  very  difficult  question 
might  have  been  gone  into  rather  more  fully  and  Sir  William  Tilden's 
experiments  also  discussed. 
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The  book  will,  we  are  sure,  find  a  ready  public,  and  we  have  great  pleasure 
in  recommending  it  as  one  of  the  most  useful  text-books  on  Inorganic 
Chemistry  recently  published. 

Spectroscopy.  By  E.  C.  C.  Baly,  F.K.S.  Xew  edition,  (London,  1912  : 
Longmans,  Green  &  Co.  Pp.  xiv  +  687,  with  180  illustrations. 
Price  I2S.  Cd.) 

In  the  new  edition  Professor  Baly's  "Spectroscopy"  has  increased  in  size 
by  120  pages.  In  the  earlier  chapters  the  additional  matter  includes  descrip- 
tions of  two  of  Hilger's  new  instruments,  the  wave-length  spectroscope  and 
the  Fery  spectrometer,  and  an  account  of  Wood's  coarse  "  echelette  "  gratings 
for  use  in  the  infra-red  region.  The  chapter  dealing  with  the  infra-red 
and  ultra-violet  regions  has  been  expanded  by  twenty  pages,  and  even  so  does 
not  dwell  unduly  upon  the  remarkable  advances  that  have  been  made  in  this 
field  during  the  past  decade.  The  most  marked  expansion  in  the  new  edition 
is  in  the  chapter  on  "  The  Production  of  Spectra,"  which  has  grown  into  three 
chapters  entitled  :  "  Methods  of  Illumination,"  "  Phosphorescence  and  Fluor- 
escence," and  "  Absorption  Spectra.''  Compensation  has  been  found  by 
withdrawing  the  separate  chapter  on  Rowland's  Grating  Ruling  Engines,  so 
that  the  number  of  chapters  is  increased  only  by  one. 

An  Experimental  Course  of  Physical  Chemistry.  Part  II.  Dyna- 
mical Experiments.  By  J.  F.  Spen'CER,  D.Sc,  Ph.D.  (London,  191 1  : 
G.  Bell  &  Sons,  Ltd.     Pp.  xvi  -|-  256.     Price  3s.  6d.). 

The  second  part  of  Dr.  Spencer's  "  Experimental  Course  '  is  on  similar 
lines  to  the  first  part,  of  which  a  review  has  alread}'  appeared  in  these  columns, 
but  deals  with  "  Dynamical  Experiments,"  or  Equilibrium,  Mass-action,  and 
Velocity  of  Chemical  Change.  Thermal  and  electrical  measurements  are  also 
included  in  this  volume,  whilst  the  final  cliapter  describes  the  methods  used 
in  studying  Radioactivity. 

Tables  Annuelles  de  Constantes  et  Donnees  Numeriques  de 
Chimie,  de  Physique  et  de  Technologie.  Vol.  I.  Annee  1910. 
J.  &  A.  Churchill.     Pp.  xl  +  728. 

The  scheme,  initiated  at  the  Chemical  Congress  of  1909,  for  compiling 
Annual  Tables  of  Physical  Constants  has  borne  fruit  in  the  publication  in 
1912  of  the  tables  for  the  year  1910.  The  product  is  a  volume  almost  equal  in 
size  to  the  tables  of  Landolt  and  Bornstein,  which  represent  for  most  workers 
the  most  essential  of  the  constants  hitherto  determined.  That  a  single  year's 
work  should  double  the  size  of  one's  works  of  reference  opens  out  a  formid- 
able prospect,  and  the  size  of  the  volume  has  undoubtedly  proved  a  source  of 
embarrassment  to  the  promoters.  In  their  interest,  as  well  as  in  the  interests 
of  the  readers,  it  is  a  matter  of  some  importance  to  inquire  how  far  this  exten- 
sion is  necessary  and  justifiable.  As  illustrating  the  completeness  of  the  data 
supplied,  it  may  be  mentioned  that  Professor  S.  Youngs  Royal  DubHn  Society 
paper  is  reproduced  to  .the  extent  of  eleven  pages  of  tables,  a  course  that 
is  fully  justitied  by  the  compa'rative  inaccessibility  of  the  journal  as  well 
as  by  the  fundamental  character  of  the  work.  But  doubt  may  be  expressed 
as  to  whether  twelve  and  a  half  pages  devoted  to  the  reproduction  of  tables 
of  solubility  in  ternary  liquid  mixtures  do  not  represent  too  severe  a  strain  on 
the  finances  of  the  undertaking  ;  in  this  particular  case  the  space  might  have 
been  reduced  by  one-half  by  judioiOus  instructions  to  the  printer.      Thirteen 
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pages  arc  also  devoted  to  a  series  of  observations  on  the  optical  rotatory  power 
of  inethylinalate  in  ninety-eight  different  solvents  ;  as  the  data  are  likely  to  be 
of  interest  to  only  a  small  group  of  workers,  and  are  quoted  from  the  ZcH- . 
schrifl  filr  physikalischc  Chcmic,  it  is  at  least  open  to  question  whether  a 
few  samples,  with  a  reference  to  the  original,  might  not  have  satislied  all 
essential  purposes.  But  in  any  case  the  waste  of  space  in  this  instance  is  both 
serious  and  unnecessary  ;  not  less  than  one-third  of  the  twelve  and  a  half 
pages  is  devoted  to  printing  over  and  over  again  the  names  of  the  six  colours 
used  in  the  measurements,  and  one-third  to  data  in  reference  to  concentration, 
which  occupy  only  about  one-sixth  of  the  four  pages  of  space  allotted  to  them  ; 
the  simple  device  of  printing  the  data  for  each  solvent  horizontally  instead  of 
vertically  would  have  reduced  the  space  used  from  twelve  and  a  half  pages  to 
five  or  less.  Points  such  as  these  indicate  the  possibilities  of  economy 
by  closer  supervision  of  the  printing.  In  future  years  it  is  possible  that 
the  section  on  "Organic  Chemistry"  may  form  part  of  an  annual  interna- 
tional supplement  to  "  Beilstein,"  and  so  still  further  reduce  the  labours  of 
the  present  committee. 

If  the  new  enterprise  does  not  suffer  shipwreck  from  overloading  the  sub- 
scribers will  have  little  reason  to  complain,  as  the  data  appear  to  be  absolutely 
complete.  No  attempt  has  been  made  by  the  writer  of  this  notice  to  check 
the  accuracy  of  the  figures,  though  the  names  of  English  authors  have  suffered 
somewhat  in  the  bibliography.  The  work  of  turning  up  data  in  reference  to 
physical  constants  will  be  enormously  facilitated  by  the  new  series  of  volumes, 
and  the  reduced  risk  of  overlooking  the  less  accessible  data  is  a  matter 
of  scarcely  less  importance.  The  Faraday  Society  may  certainly  congra- 
tulate itself  upon  its  w^isdom  in  having  assisted  to  promote  the  good 
work. 


Principles  of  Metallurgy  :  An  Introduction  to  the  Metallurgy  of 
the  Metals.  By  Chas.  Herman  Fultox,  E.M.  (McGraw-Hill  Book 
Company,  1910.     Pp.  544.     Price  21s.  net.) 

This  admirable  student's  book  was  written  by  the  author  to  supply  a  need 
which  he  has  frequently  felt  owing  to  there  being  no  book  published  in  the 
United  States  covering  the  subject  of  general  metallurgy  and  to  the  fact  that 
the  late  Sir  William  Roberts- Austen's  classic  had  not  recently  been  revised. 
Fortunately,  this  is  now  no  longer  the  case. 

The  five  hundred  odd  pages  include  instructive  chapters  on  Pliysical  Mix- 
tures and  Thermal  Analysis,  Alloys,  the  Measurement  of  High  Temperature 
Furnaces,  Slags,  and  Fuels,  and  the  whole  is  essentially  practical.  Special 
mention  should  be  made  of  the  illustrations  of  plant  and  apparatus  and  the 
numerous  useful  diagrams,  too  rarely  found  in  general  works  of  this  kind, 
where  so  many  subjects  are  dealt  with. 

The  diagrammatic  schemes  for  the  production  of  various  metals  are  very 
interesting,  and  enable-  one  to  follow  in  a  very  fascinating  way,  for  instance, 
hematite  through  the  various  processes  before  appearing  as  finished  steel 
sections. 

Fuels  are  dealt  with  very  fully,  and  include  wood,  charcoal,  peat,  coal, 
coke,  oil,  and  gas,  but  necessarily  this  subject  is  confined  to  American 
practice.  The  section  on  furnaces  includes  a  description  and  illustrations 
of  the  Girod  electric  furnace. 

We  recommend  this  volume  to  the  notice  of  all  metallurgists  both  as  a 
source  of  information  and  a  handy  book  of  reference. 
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Elementary  Crystallography,  being  Part  I.  of  General 
Mineralogy.  By  W.  S.  Bayley,  Ph.D.,  Associate  Professor  of 
Mincralotfy  and  Economic  Geology,  University  of  Illinois.  (New  York 
and  London  :  McGraw-Hill  Book  Company,  1910.  Pp.  xii  +  241. 
Price  8s.  6d.  net.) 

The  author  of  this  volume  has  done  his  work  well,  and  has  succeeded  in 
compiling  an  excellent  text-book  on  a  very  difticult  subject.  Writing  for 
mineralogical  students,  he  was  obliged  to  make  use  very  largely  of  the 
notations  of  Xaumann  and  of  Dana,  but  it  would  be  a  very  great  advantage 
if  mineralogists  generally  could  be  persuaded  to  make  general  use  of  Miller's 
system  of  indices,  which  has  been  accepted  almost  universally  by  crystal- 
lographers  who  are  not  directly  linked  on  to  the  older  traditions  of 
mineralogy.  From  the  cr3'stallographic  point  of  view  it  would  have  been 
better  if  the  so-called  hemihedral  and  tetartohedral  systems  had  been 
treated — like  the  holohedral  systems — as  independent  schemes  of  symmetry, 
which  can  be  classified  conveniently  into  six  or  seven  main  groups  by  con- 
sidering the  nature  of  the  crystallographic  axis  to  which  the  faces  may  most 
readily  be  referred.  To  treat  a  hemihedral  or  tetartohedral  system  as  a 
degraded  form  of  a  related  holohedral  system  is  very  misleading,  especially 
when  it  is  remembered  that  further  degradation  of  symmetry  may  result  in 
promotion  to  the  headship  of  a  new  group  or  system  of  symmetry.  The 
most  serious  criticism  that  can  be  made  in  reference  to  a  book  which 
possesses  many  merits  is  to  the  effect  that  the  author  does  not  appear  to  be 
acquainted  with  the  work  of  Barlow  and  Pope,  and  even  when  discussing 
"morphotropism,"  and  quoting  the  properties  of  Forsterite,  makes  no  mention 
of  the  relationship  which  the  English  workers  have  shown  to  exist  between 
this  substance  and  the  minerals  of  the  Humite  group.  A  book  which  makes 
no  reference  to  "equivalence  parameters"  or  "valency  volumes"  must  be 
written  down  as  already  obsolescent  and  in  urgent  need  of  a  new  edition. 


Technical  Methods  of  Chemical  Analysis.  Vol.  II.  Parts  I.  and  II. 
By  George  Luxge,  Ph.D.  Edited  by  E.  Keane,  D.Sc,  Ph.D.  (London, 
1911  :  Gurney  &  Jackson,  10,  Paternoster  Row,  E.C.  Pp.  1251.  Price  £2  3s.) 

This  most  valuable  work  should  find  a  place  in  the  library  of  every 
laboratory,  either  public  or  private.  The  proof  of  the  value  of  a  book  lies  in 
the  using  of  it.  Judged  by  this  standard  we  are  able  to  say  that  we  have 
used  the  previous  volumes  constantly  and  found  them  a  mine  of  valuable 
information.  The  same  applies  to  the  volumes  now  before  us.  Recently 
some  particular  information  was  required  in  connection  with  certain  alloys, 
various  books  were  consulted,  but  the  information  was  found  in  Vol.  II. 
Part  I.  of  Technical  Methods. 

The  sections  of  the  analysis  of  the  heavy  metals  are  extremely  well 
written  and  compiled.  We  do  not  say  that  every  method  finds  a  place,  but 
the  author  has  used  good  discretion  as  to  what  to  include  and  what  to 
leave  out. 

Another  section  which  we  liave  found  very  useful  is  that  on  artificial 
manures.  Now  when  one  finds  in  actual  practice  that  two  large  sections  of  a 
book  are  valuable,  one  naturally  comes  to  the  conclusion  that  the  other 
sections  will  be  equally  valuable. 

But  we  are  able  to  go  even  further  than  this  :  information  was  required 
in  connection  with  ,dyes,  artificial ^d  natural.  We  turned  to  Vol.  II. 
Part  II.  :  the  necessary  information  was  obtained.     In  the  same  volume  the 
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section  on  gas  analysis  was  also  found  most  useful.  What  more  need  be 
said  ? — the  hook  has  not  failed  us  when  information,  and  exact  and  correct 
information,  has  been  required,  and  we  can  only  leave  off  as  we  began,  by 
saying  that  the  book  is  of  the  utmost  value  and  no  library,  public  or  private, 
can  afford  to  be  without  it.  Below  we  give  a  brief  epitome  of  the  contents  of 
each  volume : — 

Part  I.  of  Vol.  II.  deals  with  Iron,  Metals  other  than  Iron,  Alloys,  Artificial 
Manures,  Feeding  Stuffs,  Explosives,  Matches  and  Fireworks,  Calcium 
Carbide  and  Acetylene. 

Part  II.  deals  with  Illuminating  Gas  and  Ammonia,  Coal  Tar  (an 
extremely  good  section),  Organic  Dyes,  Naturally  occurring  organic 
dye-stuffs. 

Finally,  we  have  one  adverse  criticism  to  make — why  is  not  each  volume 
indexed  ?  Part  II.  alone  has  an  index.  We  hope  that  if  Vol.  III.,  which 
we  understand  is  shortly  to  appear,  is  in  two  volumes,  each  will  have  a 
separate  index. 


Traite  de  Physique.  By  O.  D.  Chwolsox.  Vol.  III.  Part  III.  Trans- 
lated into  French  from  the  Russian  and  German  editions  by  E.  Davaux, 
with  Notes  by  E.  and  F.  Cosserat.  (Paris,  191 1  :  A.  Hermann  &  Fils, 
6,  Rue  dc  la  Sorbonne.     Pp.  745-1008.     Price  g  francs.) 

This  section  of  the  French  edition  of  Professor  Chwolson's  great  treatise 
deals  with  properties  of  vapours,  saturated  and  non-saturated,  and  equilibrium 
of  substances  in  contact,  including  the  Phase  Rule  and  the  theory  of  solu- 
tions. Suffice  it  to  say  that  the  volume  before  us  exhibits  the  two  outstanding 
qualities  of  lucidity  and  completeness  which  characterise  the  remainder  of 
the  book,  and  which  render  it  perhaps  the  finest  modern  treatise  on  Physics 
in  the  world.  The  comprehensive  bibliographies  at  the  end  of  each  chapter 
again  excite  lone's  admiration  for  the  thoroughness  of  M.  Chwolson's  work, 
and  we  can  only  repeat  the  hope  that  we  have  expressed  before,  namely,  that 
it  will  not  be  long  before  an  English  edition  of  this  treatise  makes  its 
appearance. 

The  National  Physical  Laboratory.     Report  for  the  year  191 1. 

The  Repor):  fitly  opens  with  an  expression  of  the  Committee's  sympathy 
with  the  Director,  Dr.  Glazebrook,  in  his  recent  illness,  and  with  a  record  of 
their  high  appreciation  of  the  energy  and  devotion  with  which  he  has  given 
himself  to  the  service  of  the  Laboratory,  and  their  admiration  for  the  work  he 
and  his  staff  have  accomplished. 

As  usual  the  Report  abounds  in  matters  of  the  utmost  interest.  On  the 
electrochemical  side  we  notice  reference  to  Mr.  Melsom's  investigatory  tests 
of  dry  cells,  an  account  of  which  has  been  presented  to  the  Faraday  Society. 

In  the  prosecution  of  the  high  temperature  research  in  the  Thermometry 
division,  Dr.  Hacker  and  Dr.  Kaye  have  been  led  to  investigate  some  interest- 
ing ionisating  effects  in  carbon  tube  resistance  furnaces  at  temperatures  from 
1,500"  C.  upwards. 

An  examination  of  the  refractory  tubes  after  baking  showed  that,  in  certain 
circumstances,  the  outer  surface  of  each  tube  instead  of  having  the  white  and 
hard  appearance  of  the  rest,  was  blackened  and  carburised  to  an  appreciable 
depth.  The  inner  surface  of  the  tube  was  unaffected,  although  freely  open  to 
the  furnace  gases.     An  obvious  explanation  was  that  the  blackening  was  pro- 
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duced  bv  particles — possibly  electrified — shot  off  the  furnace  walls  with 
sufficient  velocity  to  penetrate  the  material  of  the  refractory  tubes  some 
millimetres  away.  The  circumstances  sugj^ested  that  a  general  study  of 
the  electrical  properties  of  the  atmospheres  of  such  furnaces  might  be 
profitable. 

Initial  experiments  were  directed  to  finding  the  potential-current  curves  for 
two  insulated  carbon  electrodes  projecting  within  the  furnace,  which  consisted 
of  a  straight  carbon  tube  heated  by  alternating  current.  The  atmosphere  in- 
side the  furnace  was  of  either  a  reducing  or  an  inert  nature,  and  the  pressure 
was  in  the  neighbourhood  of  atmospheric.  With  voltages  up  to,  6  or  8, 
no  appreciable  current  could  be  detected  at  temperatures  below  about 
1,400°  C,  but  as  the  temperature  rose  the  current  rapidly  increased  until 
at  about  2,000°  it  reached  a  value  of  several  amperes,  indicating  that  the 
atmosphere  of  the  furnace  was  ionised  to  an  unprecedented  degree. 

The  next  step  was  to  try  the  effect  of  temperature  alone,  without  recourse 
to  an  external  source  of  potential.  To  do  this,  one  of  the  electrodes  was  fixed 
in  the  furnace,  while  the  other  was  arranged  so  that  it  could  at  will  be  moved 
within  or  without  tlie  central  hot  region  of  the  furnace.  The  large  difference 
of  temperature  that  existed  temporarily  between  the  electrodes  manifested 
itself  in  a  transient  current  which  at  1,400"  C.  amounted  to  two  milliamperes 
and  increased  to  nearly  two  amperes  at  2,500^  By  arranging  for  one  of  the 
electrodes  to  be  water-cooled  and  keeping  both  of  them  fixed  in  the  furnace, 
a  permanent  temperature  difference  could  be  maintained  between  them.  The 
transient  current  was  now  converted  into  a  steady  current,  which,  with  the 
furnace  at  about  3,000°,  attained  some  30  milliamperes  ;  its  direction  inside 
the  furnace  was  from  the  cold  to  the  hot  electrode.  The  magnitude  of  the 
current  is  affected  by  the  nature  of  the  gas  between  the  electrodes.  Consider- 
ably larger  currents  have  been  obtained  in  later  experiments,  a  full  account  of 
which  will  be  published  at  an  early  date. 

The  new  Wernher  metallurgy  building  was  ready  for  occupation  early  in 
the  autumn  of  191 1,  and  a  description  of  the  building,  with  illustrations,  is  given 
as  an  appendix  to  the  Report.  In  the  new  electrochemical  room  Mr.  Reeve 
is  setting  up  apparatus  and  methods  for  a  more  extended  use  of  electrochemical 
methods  of  analysis. 
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